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Abstract 
 
The Troctolite Unit (TU) is a distinctive PGE-rich olivine horizon in the upper Main 
Zone (MZ) of the northern Bushveld Complex. The TU is unique to the central sector 
of the northern limb and is yet to be noted elsewhere in the Bushveld. This study is 
the first of its kind on the TU and describes the lithology, petrology, mineralogy, 
texture relationships, geochemistry and PGE enrichment and mineralisation of this 
poorly known part of the northern Bushveld.  
 
Samples were sourced from the VSF2 and BV1 boreholes and MZ samples were 
obtained from outcrop in the same area as the VSF2 borehole. Samples were 
analysed using various techniques to characterise the TU from a chemical to a 
textural scale and so gain a better understanding as to how the unit formed.  
 
This study showed that the TU is much thicker (> 250 m) than previously thought, 
can be subdivided into 4 subunits and lacks ‘conventional’ orthomagmatic indicators 
such as well defined ‘cyclic units’ of harzburgite-troctolite-anorthosite. There are no 
thermal or intrusive contacts with the surrounding MZ that might indicate a younger 
intrusion and transitions with the MZ appear to be gradual. The ultramafic portions of 
the lower TU are unusually poor in Cr and the TU as a whole lacks any chromite. 
 
There are a number of unusual mineral associations and textures throughout the TU 
that distinguishes it from the MZ above and below, including: 1) interstitial olivine 
(with single and polyphase- and/or fluid inclusions), 2) rounded and zoned 
plagioclase with embayed contacts, 3) a variety of textures (mottles, replacement 
and reaction textures) and, 4) an abundance of hydrous minerals (amphibole, 
biotite, apatite) throughout the TU. Fluid inclusions are widespread in the TU and 
found in olivine, plagioclase and quartz. 
 
There are increases in An# and Mg# ratios between the MZ and the TU but these 
remain nearly constant through the TU and do not significant fractionate between 
ultramafic and felsic units. Despite the high An# and Mg# values the TU has Cr/MgO 
ratios consistently <80, akin to MZ (<60) rather than Critical Zone (CZ) values (>80). 
Incompatible trace element ratios likewise show little differences from MZ values. 
Trace element studies show that TU olivine is enriched in Ni and moderately 
enriched in Cr relative for their Fo#.  
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Parts of the TU contain significant PGE enrichment (3PGE>1 ppm) that is generally 
associated with less mafic lithologies (anorthosite>troctolite>harzburgite>pyroxenite) 
and concentrated at the changeover between leucocratic-mafic lithologies. The PGE 
in the TU show stronger fractionation of PPGE/IPGE than found in the CZ or 
Platreef. Fractionation of Pt and Pd is apparent between depleted (Pt>Pd) and 
enriched samples (Pd>Pt). PGE enrichment decouples with Cr enrichment and 
tends to occur stratigraphically before elevated Cr grades. PGE enrichment shows 
no trend or association with Cr, Cu or Ni. Au concentrations in the TU are 
surprisingly low.  
 
Platinum-group minerals (PGM) are Pd>Pt dominant, with limited Rh phases. The 
type of PGM, size (<100 nm to 100 µm), morphology and association varies in each 
high grade zone and there is no obvious trend or association with lithology, BMS, 
mineralogy, texture or grade. The majority of PGM are mineralised in the BMS-
silicate alteration zones with limited PGM enclosed in BMS. Some of the BMS have 
significant Pd concentrations. These have been shown to be hydrothermal in origin 
based on lack of IPGE and very high S/Se ratios. BMS can be split into at least two 
assemblages based on the bimodal relationship of S/Se and IPGE; magmatic-
hydrothermal and hydrothermal.  
 
Results indicate that the TU could not have formed from new magma input. Rather it 
is suggested that the TU formed syn-MZ formation by flux melting of MZ proto-
cumulates. MZ cumulates at this point are neither consolidated nor a mush and is 
proposed to have some kind of layering or stratification. The source of these fluids 
are the interstitial fluids of the underlying MZ cumulates as well as fluids being 
driven off sedimentary xenoliths percolating upwards. The introduction of fluids 
changes the localised activity of the system expanding the stability field of olivine 
and facilitating unconventional mineral changes and phase associations.  
 
The fluxing fluids are the most obvious source for the extreme and localised PGE 
enrichment. The fluids scavenged PGE, S and other metals, from MZ proto-
cumulates and possibly the Platreef and so formed hydrothermal BMS, oxidised the 
magmatic BMS present in the MZ and leached the BMS to form PGM. The bimodal 
source of PGE i.e. magmatic and later hydrothermal is evident in the non-distinct 
PGE fractionation patterns, range in PGE concentration and ratios of BMS and low 
temperature PGM and BMS.   
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cv: covellite CuS 
cub: cubanite CuFe2S3 
cum: cummingtonite (Mg,Fe2+)2(Mg,Fe2+)5Si8O22(OH)2 
di: diopside CaMgSi2O6 
elec: electrum Au(80)Ag(20) 
en: enstatite Mg2Si2O6 
ep: epidote Ca2Al2(Fe3+;Al)(SiO4)(Si2O7)O(OH) 
fa: fayalite Fe2SiO4 
fs: ferrosilite Fe22+Si2O6 
fsp: feldspar group  
fo: forsterite Mg2SiO4 
gn: galena PbS 
grt: Garnet group  
hbl: hornblende (Ca,Na)2(Mg,Fe,Al)5(Al,Si)8O22.(OH)2 
hd: hedenbergite CaFe2+Si2O6 
hyp: hypersthene or bronzite (Mg,Fe2+)2Si2O6 
hzl: heazlewoodite (Ni3S2) 
ilm: ilmenite FeTiO3 
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Abbreviation Mineral Formula 
iss: chalcopyrite derivative phases  
lz: lizardite Mg3Si2O5(OH)4 
Mg-rbk: magnesioriebeckite Na2[(Mg,Fe++)3Fe+++2]Si8O22(OH)2 
mag: magnetite FeO 
mc: microcline KAlSi3O8 
mill: millerite NiS 
mnz: monazite (Ce,La,Nd,Th)PO4 
mss: mono-sulphide solid solution  
mtc: monticellite CaMgSiO4 
ms: muscovite KAl2(Si3Al)O10(OH,F)2 
nicc: niccolite NiAs 
ol: olivine group  
opx: orthopyroxene (Mg,Fe2+)2Si2O6 
or: orthoclase KAlSi3O8 
PGM: platinum-group minerals  
phl: phlogopite K(Mg;Fe2+)3(Al;Fe3+)Si3O10(OH;F)2 
pgt: pigeonite (Mg,Fe2+,Ca)(Mg,Fe2+)Si2O6 
plag: plagioclase NaAlSi3O8 - CaAl2Si2O8 
pmp: pumpellyite Ca2(Al,Fe++,Mg)Al2(SiO4)(Si2O7)(OH,O)2• H2O 
pn: pentlandite FeNiS 
po: pyrrhotite Fe1-XS 
prh: prehnite Ca2Al2Si3O10(OH)2 
pyx: pyroxene group  
py: pyrite FeS2 
qtz: quartz SiO2 
rt: rutile TiO2 
sph: sphalerite ZnS 
spl: spinel group  
serp: serpentine group  
stb: stibnite Sb2S3 
tlc: talc Mg6(Si8O22)OH4 
tr: tremolite Ca2Mg5(Si8O22)OH2 
ttn: titanite (sphene) CaTiSiO5 
wo: wollastonite CaSiO3 
zrn: zircon ZrSiO4 
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Glossary 
 
Adcumulate: A type of cumulus texture where the cumulate crystals continue to 
grow after settling out.  Crystals have a ‘zoned’ effect. Contains 0-7% intercumulus 
material.   
 
Agglomerate: A type of crystal habit; crystal group together to form agglomeration 
or large crystals or stringers.  
 
Alteration: Replacement of primary igneous minerals by secondary mineral or 
minerals that are more stable under hydrous conditions.  
 
Amoeboid: A type of crystal morphology. Refers to any shapeless (to rounded) 
crystal habit.   
 
Anhedral: A type of crystal habit; crystal with no defined crystal faces nor 
recognisable/ characteristic shape in cross-section.  
 
Aphanitic (cryptocrystalline, microcrystalline) texture: magmatic texture 
comprising of crystals too small to be seen without magnification.   
 
Anorthosite: Phaneric intrusive igneous rock consisting of plagioclase (>90%) and 
mafic minerals (pyroxene + olivine < 10%).  
 
Anti-perthite: A type of exsolution texture of K-rich feldspar lamellae found in Na-
rich feldspar.  
 
Autolith: An inclusion (genetically related to the host rock) in an igneous rock.  
 
Calc-silicate: A metamorphic rock, consisting of calcium-bearing silicates, formed 
by the metamorphism of impure carbonate rocks such as dolomite and limestone.  
 
Chromitite: Layers, pods or lenses of ultramafic igneous cumulate rocks consisting 
of the mineral chromite ((Mg,Fe2+)Cr2O4) with accessory oxides (magnetite, ilmenite) 
and silicates (pyroxene, plagioclase, olivine, garnet).   
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Corona texture: Reaction rim between two neighbouring crystals indicative of grain 
boundary reactions at subsolidus temperatures.  
 
Cumulate: Plutonic rock formed by crystal melt fractionation during slow cooling.  
 
Cumulus: Mineral grains in a cumulate or the igneous texture formed by early 
mineral or crystal accumulation in a fractionating magma.  
 
Crystal mush: A partially crystallised magma, that behaves like a liquid, with <50% 
volume crystal fraction.  
 
Dolomite: Chemical carbonate sedimentary rock type comprising of the mineral 
dolomite (CaMg(CO3)2). 
 
Electrum (Au-Ag): A gold mineral containing silver of >20 wt.% and can contain 
traces of metals like Pt and Cu. Mineral can be renamed (gold or silver) depending 
on the dominant element (>50%).  
 
Euhedral: A type of crystal habit; well-formed crystal faces and sharp edges / 
boundaries with characteristic morphology or shape in cross-section.  
 
Fabric: The spatial and geometrical arrangement of individual components that 
make out a rock, described as either foliation and/or lineation.   
 
Felsitic texture: Magmatic texture of fine grained (aphanitic) predominately 
minerals; associated rhyolite, dacite and trachyte rocks. 
 
Fluid: A fluid can be a liquid, gas or plasma or a combination or subset of these. A 
fluid will deform or flow under applied shear stress.  
 
Fluid inclusion: Fluids (and/or including gas) entrapped in a crystal (or fractures) 
during crystallisation. The inclusions are micrometre scale (<50 µm) and can be 
single or polyphase or a combination of phases including gas, solid (minerals) and 
liquid. 
 
Gabbro: Coarse grained, mafic intrusive igneous rock consisting of 10-90 modal% 
plagioclase (plagioclase >An50) and pyroxene with ±olivine and Fe-Ti oxides (<10%). 
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Gabbronorite or norite: A type of gabbro with orthopyroxene component > 
clinopyroxene. 
 
Granite: Coarse crystalline felsic rock composed of quartz (>20%) and alkali 
feldspar and plagioclase (20-80%).  
 
Granophyre: A felsic rock with characteristic granophyric texture.  
 
Granophyric texture or graphic: Type of magmatic texture (coarse to 
microcrystalline) formed by the intergrowth of alkali feldspar and quartz.  
 
Habit: Refers to the external shape of a crystal or group of crystal. An individual 
mineral may have more than one habit.  
 
Harzburgite: A phaneric ultramafic igneous rock composed of orthopyroxene, 
olivine (>40-90%) and clinopyroxene (<10%). 
 
Inclusion: A phase trapped /or embedded, wholly or partially, inside a host phase. 
The inclusion can be solid, liquid or gas. The inclusion might have formed prior to 
the host or trapped inside the host as a melt or fluid.  
 
Intercumulus (interstitial) or postcumulus: Minerals or melt found in the 
interstitial spaces between cumulus mineral grains. 
 
Inverted pigoenite: Pigeonite (a high temperature low calcium pyroxene) re-
equilibrated into orthopyroxene with clinopyroxene lamellae during slow cooling in 
plutonic environments.   
 
Magma: A natural occurring, multiphase, high temperature melt. Consists of a 
mixture of liquid (melts and fluids), solid (crystals and agglomerations) and gas 
(dissolved  gases, bubbles, vesicles) phases.  
 
Magmatic fluid: A fluid that either exists in equilibrium with a magma or is derived 
from the magma as water-rich volatiles/ fluids. Magmatic fluid or water is released 
as hydrothermal fluids as the magma crystallises; usually during the later stages or 
towards the end of crystallisation.  
 
xxxiii 
 
Melt: A high temperature molten liquid phase (liquid or glass state) in a magma.  
 
Melt inclusion: Melt is trapped during crystal growth, either in a crystal or between 
several crystals, in a magmatic system; a trapped melt totally enclosed in/ by 
another phase/s. The crystallised melt inclusions are small (in the micron scale 
range), has a negative crystal habit and can be single or polyphase.   
 
Mesocumulate: A type of cumulus texture, which contains 7-25 % intercumulus 
material.  
 
Metasomatism or metasomatic: Localised metamorphism caused by fluids in the 
country rock. The fluids leach and redistribute elements / metals and associated 
alteration and remineralisation depending on the temperature, timing and 
composition of the liquid.   
 
Miscible: Liquids or gas or solids that mix completely to form a homogenous 
solution.  
 
Morphology: Denotes the shape, form or structure of an object.  
 
Mottled: A type of igneous texture, loosely used to describe spotted/ blotchy 
lithologies. Mottles are irregular in size, shape and distribution and has no spatial 
orientation, layering or repetition.  
 
Ophitic texture: A type of poikilitic texture, associated with gabbro and dolerite.  
 
Orthocumulate: A type of cumulus texture, with >25% intercumulus material.   
 
Perthite: A type of exsolution texture of Na-rich feldspar lamellae found in K-rich 
feldspar (e.g. orthoclase, microcline).  
 
Phaneric: Coarse grained igneous texture. Crystals are visible with the naked eye 
without  the aid of a lens.  
 
Phenocryst: Euhedral crystal which is noticeably larger than the surrounding 
groundmass crystals.  
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Poikilitic or heteradcumulate: Igneous texture in which smaller crystals, with 
random orientations, are enclosed by large crystal/s (oikocrysts) of a different 
mineral/phase.  
 
Porhyritic texture: Inequigranular magmatic texture where large euhedral crystals 
(phenocrysts) are embedded in a finer crystalline or glassy groundmass. 
 
Pyroxenite: Medium grained, ultra-mafic igneous rock consisting of pyroxene 
(>60%) and olivine (<40%). Divided into orthopyroxenite (opx: bronzite, enstatite), 
clinopyroxenite (cpx: diopside, augite) or websterite (opx + cpx). 
 
Replacement: A mineral is replaced by the growth of a chemically different mineral 
in the body and present position of the original mineral.  
 
Serpentinisation: Replacement or conversion of Mg-rich silicate minerals (olivine, 
pyroxene) by serpentine-group minerals (Mg-Fe phyllosilicate) by metamorphism, 
alteration and hydrothermal processes.  
 
Skarn: Type of calc-silicate rock formed in the contact zones by a granite intruding 
into carbonate or dolomitic rocks. The metal enrichment of the skarn depends on the 
purity of the carbonate rock and the composition and metal tenor of the intruding 
body and associated metasomatic fluids.  
 
Subhedral: A type of crystal habit; a crystal with some recognisable crystal faces. 
 
Texture: The description and spatial arrangement of single crystals or minerals 
within a rock, including the grain size, shape, distribution, degree of crystallinity and 
mineralisation style.  
 
Troctolite: A type of gabbro, rich in olivine with limited pyroxene (ol:px > 9).  
 
Xenocryst / chadacryst: A crystal that is foreign to its host rock.  
 
Xenolith: Foreign pre-exciting solid rock fragment that has been mechanically 
incorporated into a magma.  
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Chapter 1 
Introduction 
 
The 2.06 Ga Bushveld Complex of South Africa is the world’s largest layered mafic 
intrusion covering an estimated area of 100 000 km2 (Finn et al., 2015). The mafic 
portion of the Bushveld Complex known as the Rustenburg Layered Suite (RLS) 
consists of five lobes or limbs; the western- and eastern limbs and the smaller far 
western-, and the northern- and southern limbs. The stratigraphy of the RLS across 
the Bushveld Complex is conventionally divided into five major zones that may be 
further subdivided into subzones. In stratigraphic order these are the Marginal Zone, 
Lower Zone, Critical Zone, Main Zone (MZ) and Upper Zone, The boundaries 
between the major zones are designated either on the basis of the first appearance 
of major minerals (e.g. plagioclase or magnetite) or major shifts in isotopic 
signatures (SACS, 1980, Kruger, 2005). 
 
The northern limb however, differs in stratigraphy from the rest of the complex with 
several stratigraphic units and potential PGE deposits that appear to be unique to 
the limb and have not been observed in the other parts of the complex. The 
Troctolite Unit (TU) is one of these. 
 
The TU was first described by Van der Merwe (1976, 1978) during mapping of the 
northern limb and remained largely unstudied until the early 1990’s when the TU 
was intercepted in the deep stratigraphic BV1 borehole (Knoper and Von 
Gruenewaldt, 1996). Van der Merwe (1978) described the TU as a continuous 
noritic-troctolite horizon of alternating layers of plagioclase and olivine-rich phases 
with prominent plagioclase adcumulate layers at the top and bottom. However, the 
TU is poorly and inconsistently described in subsequent literature (see Knoper and 
Von Gruenewaldt, 1996; Barnes et al., 2004; Ashwal et al., 2005; Cheshire, 2011; 
Davey, 2014; Tanner et al., 2014). The TU is estimated to be 110-160 m thick, can 
be followed for ~30 km along strike and is not uniform in outcrop thickness along 
strike. Stratigraphically the TU sits within the middle of the MZ, ~1100 m above the 
Platreef (Van der Merwe, 1978). 
 
The TU is remarkable because it marks a temporary reappearance of olivine-rich 
lithologies in the otherwise olivine devoid pyroxene-plagioclase crystallisation 
sequence of the MZ. There is a well-established olivine gap in the normal RLS 
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stratigraphy that extends from the top of the Critical Zone to the upper portion of the 
Upper Zone in the eastern and western limbs. The normal crystallisation order in the 
RLS follows the sequence olivine-orthopyroxene-plagioclase-clinopyroxene with 
olivine preceding plagioclase in all cases. However, the TU lithologies are 
apparently mixtures of olivine-orthopyroxene units and plagioclase-olivine units.  
The TU occupies part of an estimated 450 m stratigraphic gap that is not sampled 
by two major stratigraphic boreholes (Bellevue: BV1 and Moordkopje: MO1) that 
have provided the bulk of the lithological, geochemical and isotopic data for the 
northern limb (Ashwal et al., 2005; Tanner et al., 2014; Trumbull et al., 2015; 
Mangwegape et al., 2016). The TU and the MZ immediately below it falls within this 
gap.  
 
The TU is exciting from an economic perspective because it is reported to be 
enriched in PGE with up to five mineralised units identified (Cheshire, 2011). The TU 
potentially forms part of a growing number of MZ-hosted PGE deposits (e.g. 
Moorddrift, Aurora and Waterberg; Maier and Barnes, 2010; Holwell et al., 2013; 
McDonald et al., 2017; Kinnaird et al., 2017) that occur along the length of the 
northern limb. In contrast, there are no PGE deposits known in the MZ of the 
eastern and western limbs of the complex. The reason(s) for this difference, the 
mechanisms by which the various northern limb MZ PGE deposits formed, the 
mineralogical nature of the PGE in the TU, and whether the TU relates 
stratigraphically to any of the other deposits are key avenues for research and were 
all unknown at the time that this study was initiated. 
 
The exact thickness of the TU is not clear from literature (see Van der Merwe, 1978; 
Ashwal et al., 2005), nor what and how these boundaries are defined (Van der 
Merwe, 1978; Knoper and Von Gruenewaldt, 1996). A detailed petrological, 
mineralogical and textural study on the TU is yet to be undertaken. Lithological 
descriptions and mineral chemistry studies have largely focussed on studies of the 
BV1 borehole and the TU has been treated as a minor component within the 
evolution of the whole northern limb (Knoper and Von Gruenewaldt, 1996; Ashwal et 
al., 2005; Tanner et al., 2014). Knoper and Von Gruenewaldt (1996) identified four 
troctolite layers topped by dunite-harzburgite-leuconorite-anorthosite in the BV1. 
The TU-MZ contact was placed at a sharp contact between anorthosite (TU) and 
leuconorite of the MZ (Knoper and Von Gruenewaldt, 1996).  
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This study makes use of a second borehole designated VSF2 (Vogelstruisfontein) 
that was drilled for exploration purposes into the TU (Cheshire, 2011). An initial 
study on the VSF2 borehole by Davey (2014) found that TU apparently consisted of 
six ‘magma cycles’ of harzburgite-troctolite-anorthosite. The contact of the TU with 
the MZ was placed between a mottled anorthosite and gabbronorite, at the same 
stratigraphic position as in the BV1. A bottom basal contact was placed at the ‘first’ 
appearance of troctolite. This study presents the first detailed study of the TU as it is 
represented in the VSF2 borehole with the aim of characterising complete 
lithological and geochemical profiles through the unit in order to understand the 
origin and development of the TU and its associated PGE mineralisation. The TU 
present in the BV1 core was also re-logged and sampled, and a parallel dataset was 
generated in order compare with the VSF2 data and make the first regional 
comparison of the TU along strike.  
 
The three objectives (research questions) of the study are: 
1) Provide a first detailed petrological-, mineralogical- and geochemical 
description of the TU with an attempted along-strike correlation between 
the BV1 and VSF2 boreholes.  
2) Determine the location and extent of PGE enrichment in the TU and 
characterise the platinum-group minerals (PGM) present. 
3) Test formation models and hypotheses for the TU and how it relates to 
the wider formation of the northern limb MZ. 
 
The thesis was divided as follows: 
 
Chapter 1 - Problem setting, objectives and outline of the study. 
Chapter 2 - Literature review on the properties of the PGE and magmatic PGE 
deposits with the emphasis on large layered intrusions and PGE enrichment 
associated with troctolite-hosted deposits.  
Chapter 3 and 4 - Literature review on the Bushveld Complex and the northern limb 
focussing on tectonic framework, formation, stratigraphy, morphology and structure 
as well as PGE enrichment. 
Chapters 5, 6, 7, 8 and 9 - Research question 1 and 2: Petrographic description 
(lithology, petrology, and mineralogy), whole rock and PGE geochemistry of the TU 
and surrounding Main Zone based on VSF2 and BV1 drill core and field samples. 
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Chapter 10 - Research question 2: The nature of PGE mineralisation in the TU and 
how it compares between the VSF2 and BV1 boreholes.    
Chapter 11 - Synthesis and research question 3: Summary, discussion of results 
(Chapters 5-11), evaluation of possible formation models of the TU and 
recommendations for future work. 
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Chapter 2 
The platinum-group elements: geochemistry, 
mineralogy, enrichment and distribution 
 
The platinum-group elements (PGE) are six elements that share similar physical- 
and chemical properties (Cotton et al., 1995). The PGE (collectively the elements 
Ru, Rh, Pd, Ir, Os and Pt) are classified as siderophile (iron-loving) elements 
however, the PGE exhibit both siderophile and chalcophile (sulphur-loving) 
characteristics depending on the geological environment in which they are found. 
The PGE occur combined with each other and with other elements in >120 known 
platinum-group minerals (PGM) with more than 500 undescribed/ unidentified PGE-
phases. The scarcity and chemical- and physical properties of the PGE make them 
highly sought-after metals as they are versatile metals used in many applications; 
from investment to heavy industry to smart technology.  
 
2.1 Chemistry of the PGE 
 
2.1.1 Physical and chemical characterises  
 
The PGE occupy groups 8, 9 and 10 in the lower two rows of the d block of the 
Periodic Table and are grouped together because they share similar chemical 
and/or physical properties (Table 2.1). These include high melting and boiling points, 
a low coefficient of thermal expansion and high conductivity, resistance to oxidation 
(Os< Ru< Ir< Rh< Pd< Pt), and high ionization potentials. The PGE all display 
heterogeneous catalysis properties and their inertness to chemical attack by most 
mineral acids makes them highly sort after metals (Hartley, 1991; Cotton et al., 
1995). The PGE are classified as ‘noble or precious metals’ (Hartley, 1991) and are 
often found in ores along with Au-Ag and base metals such as Co, Cu, Fe and Ni.  
 
The PGE display similar chemical properties. The PGE can form metal-metal, metal-
ligand and covalent bonds (Lorand et al., 2008), including sigma (σ) and Pi (π) 
bonds due to unfilled d-orbitals (high energy unpaired electrons) with several 
potential valence states, (Table 2.1) (Cotton et al., 1995). The differences and 
similarities in the physical properties of the metals is the result of the metals’ ability 
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to exist in different valence states and the available valence electrons available for 
bonding (Bond, 1991).  
 
Table 2.1: Physical and chemical qualities of the PGE (Ru, Rh, Pd, Os, Ir and Pt). Data 
was taken from Hartley (1991), Cotton et al. (1995), Handbook of Chemistry and 
Physics (2015), Haynes (2014).   
 Ru Rh Pd Os Ir Pt 
Atomic weight 101.070 102.906 106.420 190.23 192.217 194. 
Atomic 
number 
44 45 46 76 77 78 
Group 8, block d 9, block d 10, block d 8, block d 9, block d 10, block d 
Atomic radius 
(Å) 
2.13 2.10 2.10 2.16 2.13 2.13 
Electron 
negativity 
2.20 2.28 2.20 2.20 2.20 2.20 
Electron 
configuration 
[Kr]4d75s1 [Kr]4d85s1 [Kr]4d10 
[Kr]4f145d6
6s2 
[Kr]4f145d7
6d2 
[Kr]4f145d9
6s1 
Oxidation 
state  
MVIII - M-II MVI - M-II MVI – M0 MVIII - M-II MVI - M-II MVI – M0 
d electron 
occupancies 
d0 – d10 d2 – d10 d4 – d10 d0 – d10 d2 – d10 d4 – d10 
Most 
abundant 
isotope 
102Ru  
(31.55%) 
103Rh  
(100.00%) 
106Pd 
(27.33%) 
192Os 
(40.78%) 
193Ir 
(62.70%) 
195Pt 
 (33.83%) 
Melting point 
(°C) 
2333.00 1963.00 1554.80 3033.00 2446.00 1768.20 
Boiling point 
(°C) 
4147.00 3695.00 2963.00 5008.00 4428.00 3825.00 
Density at 
20°C 
(kg.cm-3) 
12.10 
solid 
12.40 
Solid 
12.00 
solid 
22.59 
solid 
22.56 
solid 
21.45 
solid 
 
2.1.2 Geochemical classification  
 
The PGE are highly siderophile elements (i.e. display a strong affinity for Fe), 
according to Goldschmidt’s classification. Siderophile elements form metallic bonds 
rather than ionic bonds and partition into the metal phase over co-existing sulphide 
or silicate phases. However, the PGE can exhibit both siderophile and chalcophile 
(affinity for S) behaviour and in the absence of Fe metal are strongly chalcophile 
with sulphide:silicate partition coefficients (Dsulphide/silicate) typically 104-106 (Mungall, 
2005; Reith et al., 2014; Mungall and Brenan, 2014). In the Upper Mantle or in mafic 
magmas emplaced into the Earth’s crust, the PGE will strongly partition into an 
immiscible sulphide liquid if the magma reaches sulphur saturation (Lorand and 
Luguet, 2016; Barnes and Ripley, 2016). Formation of an immiscible sulphide melt is 
a concentrating process for many important PGE ore deposits. 
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2.1.3 Distribution and enrichment 
 
The PGE are some of the least abundant elements in the bulk Earth (Palme, 2008). 
A summary of element concentrations in various rocks is given in Table 2.2. The 
silicate mantle and bulk continental crust are strongly depleted in PGE compared to 
chondrite, with concentrations in the sub-ppb range (Mungall, 2005; Day et al., 
2016). This is believed to be due to extraction of the siderophile PGE during 
formation of the Earth’s core during the early history of the planet. Metal:silicate 
partitioning of this kind is predicted to produce a mantle that is almost free of PGE 
but measured concentrations PGE in the upper mantle are typically 0.5-1% of 
chondrite. Enrichment in the upper mantle is generally assumed to be the result of a 
late veneer of chondritic asteroids that impacted the early Earth’s crust and were 
mixed into the upper mantle but were unable to interact with (and be removed into) 
the Earth’s core.   
 
Table 2.2: Enrichment of the platinum-group elements (PGE), in various tectonic 
settings and the Bushveld magmas (B1-3). All values are given in parts per billion 
(ppb). Data was adapted from McDonough and Sun (1995), Lodders (2003), 
McDonough (2003), Rudnick and Gao (2003), Palme (2008) and Barnes et al. (2010). 
PGE Ru Rh Pd Os Ir Pt 
Bulk 
continental 
crust 
0.60 - 1.50 0.041 0.037 1.5 
MORB - - 0.265 0.021 0.009 0.304 
Average 
komatiite 
4.40 1.40 10.50 1.50 1.70 10.50 
Primitive 
mantle 
5.0 0.9 3.9 3.4 3.2 7.10 
CI chondrite 692 141 588 486 470 1004 
Earth’s core 4000 740 3100 2.80 2.60 5.70 
Bushveld B1 1.9 1.78 13.99 0.5 0.54 19.36 
Bushveld B1 
(UM) 
7.88 2.86 11.41 1.5 1.78 16.51 
Bushveld B2 0.89 0.77 5.21 0.11 0.21 9.54 
Bushveld B3 1.23 0.74 3.28 0.23 0.30 12.71 
 
The PGE occur as trace amounts (ppb levels) in the earth’s crust as they are high 
temperature elements that have a tendency to remain in the mantle unless high 
degrees of partial melting can be achieved or the phases that host them (often base 
metal sulphide (BMS) minerals) are selectively melted or dissolved (Barnes et al., 
1985; Naldrett 2004; 2011; Day et al., 2016; Lorand and Luguet, 2016). The PGE 
can be sub-divided into IPGE (Ir-group) and PPGE (Pd-group), based on the 
element’s geochemical behaviour and associations (Rollinson, 1993). The IPGE 
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consist of Os, Ir and Ru and are more compatible during mantle melting as they may 
be retained in olivine and Cr-spinel either as alloy or sulphide-type platinum-group 
minerals (PGM) or in Fe-Ni monosulphide solid-solution (mss) type BMS. The PPGE 
consist of Pd, Rh and Pt and are more incompatible during mantle melting than the 
IPGE. This is due to the fact that most of these PGE are incompatible (or less 
compatible) in mss and that they are hosted in more Cu-rich intermediate solid-
solution (iss) type BMS or form PGM with lower temperature elements such as 
semi-metals like As, Te, Bi, etc. (see Naldrett 2004; Lorand and Luguet, 2016).  
 
Mantle melting produces fractionation of the PPGE (which enter the melt) relative to 
the IPGE (which are retained in the residue). Assuming a starting sulphur 
concentration of 200 ppm and an equilibrium batch melting system Naldrett (2011) 
showed that by 13.5 % partial melting all sulphides present in the source should be 
completely dissolved in the magma. Thus with increasing melting, PPGE and Cu 
concentrations of a mafic magma progressively rise until they reach a maximum at 
around 15-20% partial melting when all of the iss-type BMS in the source mantle are 
consumed. The IPGE largely remain in the residue at this point as a significant 
fraction of the mss. As partial melting increases above 20% IPGE and Ni rich 
phases such as olivine and Cr-spinel are melted and upgrades the metal tenor of 
the magma.   
 
The solubility of sulphur in a mafic or ultramafic magma is generally discussed in 
terms of ‘sulphur content at sulphide saturation’ (SCSS). Factors influencing 
sulphide saturation include pressure, temperature and oxidation state of the magma 
(Naldrett, 2004). Sulphur solubility increases with decreasing pressure, thus as a 
melt ascends into the crust from the mantle the magma will have an increased S-
carrying capacity (Mavrogenes and O’Neill, 1999) and the limit of SCSS can only be 
exceeded by extensive fractionation, magma mixing or (most commonly) by addition 
of external S to the magma (Naldrett, 2004; Maier, 2005; Barnes and Ripley, 2016). 
 
2.2 PGE ore deposits 
 
The PGE are unreactive and found at very low concentrations in most rocks and 
magmas (see Table 2.2). They require high degrees of enrichment (102-104 times) in 
order to concentrate them to the enrichment levels needed to form an economic ore 
deposit. The PGE are found in a variety of geo-tectonic environments and settings 
ranging from the orthomagmatic (e.g. Sudbury impact melt sheet sulphide ores, 
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Canada) to hydrothermal (e.g. Waterberg quartz veins, South Africa) to sedimentary 
placer deposits (e.g. Urals, Russia). This section focusses on orthomagmatic PGE 
deposits and deposits that may have formed at the magmatic-hydrothermal interface 
as introduction to later chapters.  
 
2.2.1 Orthomagmatic sulphide deposits 
 
Orthomagmatic PGE-deposits can be divided according to metal tenor and 
association into PGE-dominated (defined as PGE-(Au-Ag)-Ni-Cu) deposits or base 
metal dominated Ni-Cu-(PGE) deposits (Naldrett, 2011). Intrusion-hosted deposits 
may be further classified and divided as follows: (i) stratiform or reef type (e.g. UG2 
chromitite layer, Merensky Reef; Platinova Reef) where they are typically developed 
as thin (<1 to 5 m thick) layers or collections of well-defined layers within the 
stratigraphy of a layered intrusion; (ii) contact or stratabound type (e.g. Platreef; 
Roby Zone) that tend to be developed on the margins of intrusions and may contain 
significant amounts of country rock xenolith material; (iii) conduit-type deposits (e.g. 
Norilsk, Eagle, Nebo-Babel) that represent different shapes of intrusion (sill, tubular 
chonolith, or funnel) which served as both a channel for magma and a trap site for 
sulphide liquids. These different types of deposit are differentiated based on their 
size, shape, the quantity of BMS relative to silicate minerals and where they are 
found within an intrusion (Maier, 2005; Barnes and Ripley, 2016; Barnes et al., 
2016).  
 
 
Figure 2.1: Schematic of the variety of PGE mineralisation styles in ultramafic and 
mafic intrusions. Figure was adapted from Maier et al. (2013). 
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2.2.1.1 Enrichment and crystallisation of sulphide liquids    
 
Once sulphur saturation has been achieved and an immiscible sulphide liquid 
formed, the efficiency of partitioning of Ni, Cu, and PGE into the sulphide phase is 
controlled by the mass ratio of silicate liquid to sulphide liquid. This ratio is known as 
the ‘R factor’ (Campbell and Naldrett, 1979): 
 
R = 
𝑀𝑎𝑠𝑠 𝑠𝑖𝑙𝑖𝑐𝑎𝑡𝑒
𝑀𝑎𝑠𝑠 𝑠𝑢𝑙𝑝ℎ𝑖𝑑𝑒
 Equation 2.1 
 
The R factor and the partition coefficient (Dsulphide/silicate) influences the concentration 
of an element that may be taken up by the sulphide liquid according to the following 
equation 
 
Yi = 
(𝐷𝑖𝑋𝑜𝑖𝑅+1)
(𝑅+𝐷𝑖)
  Equation 2.2 
 
Where Yi is the concentration of metal i in the sulphide, Xoi is the original 
concentration of metal i in the silicate magma, and Di is the partition coefficient for 
metal i between silicate and sulphide. 
 
In order for an economic sulphide deposit to form, the sulphide liquid must be 
enriched to an appropriate degree and the liquid must be concentrated into a 
mineable zone through collection or coalescence. The key physical parameters that 
contribute to this are the lower melting temperature (<11000C) and the higher 
density of the sulphide liquid (> 5.0 g/cm3) compared to the silicate magma (~2.8 
g/cm3) which allow sulphide droplets to sink through silicate magma and remain 
liquid at temperatures above the solidus of most mafic silicates. In a magma 
chamber environment, sulphide settling may be impeded by a silicate and/or oxide 
crystal mush so that a sulphide layer forms on top of and may penetrate slightly into 
pre-existing magmatic cumulates to form a reef-type deposit (Naldrett, 2004). 
 
Upgrading of sulphide liquid may occur via reaction with fresh silicate magma in an 
open system. Chalcophile elements are partitioned from each new magma batch 
while S is coevally partially dissolved out of the sulphide liquid and into silicate 
magma in a self-destructive manner known as ‘multistage-dissolution upgrading’; 
(Kerr and Leitch, 2005). Due to the greater compatibility of PGE, this process leads 
much higher PGE concentrations in the sulphide liquid than under conventional R 
Factor interactions or if upgrading had never taken place (Kerr and Leitch, 2005). 
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This is believed to be particularly important for conduit-hosted orthomagmatic 
sulphide deposits such as Noril’sk and Voisey’s Bay (Naldrett et al., 1996; Naldrett 
et al., 2000). 
 
On cooling of the sulphide liquid the more compatible IPGE fractionate into early 
crystallising monosulphide solution (mss) that eventually forms pyrrhotite and 
pentlandite. The more incompatible PPGE and semi-metals such as As, Sb, Te and 
Bi are associated with the Cu-rich iss liquid. On further cooling the iss forms 
chalcopyrite and the PGE and semi-metals eventually combine with one another 
make PGM that may be closely associated with the original sulphide droplet (Holwell 
and McDonald, 2010). 
 
 
Figure 2.2: Schematic illustrating the evolution and collection of platinum-group 
elements (PGE) by sulphide liquid. Figure was redrawn from McDonald and Holwell 
(2010).   
 
2.2.2 Magmatic-hydrothermal PGE deposits    
 
A variety of mineralogical, textural and geochemical evidence shows that some reef-
type PGE deposits such as the Merensky Reef (Bushveld Complex, South Africa), 
and J-M Reef of the Stillwater Complex (USA) were at least recrystallised and 
chemically modified by magmatic volatiles after crystallisation of the primary silicate 
minerals. Some authors believe that a significant fraction of the ore metals were 
added at a late stage by the action of fluids (e.g. Ballhaus and Stumpfl, 1986; 
Boudreau and McCallum, 1986; Boudreau, 2016). The models are described as 
hydromagmatic and involve an upward-moving fluid front which continuously 
dissolves and remobilizes base metals and PGE upwards as fluids are released 
from the solidifying crystal pile. 
 
Evidence for the presence of a high-temperature, volatile-rich fluid late in the 
evolution of reef-type deposits layered intrusions such as the Bushveld and 
12 
 
Stillwater complexes includes: (i) the pegmatoidal nature of Merensky Reef and the 
J-M Reef (Ballhaus and Stumpfl, 1986; Boudreau and McCallum, 1986); the 
potholes present in both reefs which these models ascribe to volatile release 
structures analogous to pockmarks in sedimentary basins (Boudreau, 1992); the 
widespread development of graphite and hydrous minerals including biotite and 
amphibole; fluid inclusion studies (Hanley et al., 2008); and the Cl/(Cl+F) trends in 
hydrous minerals (Boudreau et al., 1986; Boudreau and Kruger, 1990; Boudreau, 
2016). 
 
In the model outlined by Boudreau (1999, 2016) (Figure 2.3 A and B), exsolving 
volatile-rich fluids would rise upwards through the interstitial liquid as the lower 
portions of the crystal pile progressively solidified (Figure 2.3 A). When the rising 
fluid reaches a volatile-undersaturated region of the crystal pile, it would re-dissolve 
into the interstitial liquid and potentially cause localized incongruent melting of 
silicate minerals (e.g. leading to the destruction of pyroxene and formation of olivine) 
(Figure 2.3 B). Passage of the volatile fluid is also suggested to lead to precipitation 
of sulphide minerals through the local supersaturation of sulphur in the interstitial 
liquid (Boudreau, 1999). With further input of fluids any initially unsaturated portions 
of the cumulus pile would reach volatile saturation meaning that volatiles would re-
exsolve again and the fluid would percolate upwards. Boudreau (1999) suggests 
that as S is an important component of the fluid and precipitation and resorption of 
sulphide minerals would have taken place during the process and that soluble 
elements such as Cu, Pt and Pd would be expected to be carried upwards in the 
fluid. 
 
While it is highly likely that the hydrothermal processes outlined above could operate 
in restricted areas or along particularly permeable fluid pathways, the question of 
whether fluid processes could produce the laterally extensive reef-type deposits that 
extend for tens to hundreds of kilometres along strike has not been widely accepted 
(see for example Naldrett, 2011; Maier et al., 2013).  
 
13 
 
 
 
Figure 2.3 A and B: Schematic diagrams illustrating: A) a simplified flux melting model 
and, B) the effects of water on the liquidus of the Anorthite-forsterite-SiO2 system, 
along green line. Figures were adapted from Boudreau (1999) and the references 
there-in.  
 
2.3 Uses and Supply of the PGE 
 
The PGE are versatile metals with application in numerous industries. The PGEs 
unique physical and chemical properties with numerous applications from industry to 
investment makes them highly sort after metals. The PGEs have a varied range of 
applications and uses from chemical catalyst, electronic (capacitors and resistors), 
medical applications (anti-cancer drugs, tumour treatment, pacemakers and 
dentistry), green or smart technology (catalytic converters in the automobile 
industry, LCD screens) to jewellery and investment (Hartley, 1991; Cotton, 1997; 
Brenan, 2008). The main use of the metals is for catalysts (BGS, 2009). 
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Not all PGE deposits are considered as economical; they are either too small or 
carry too low grade to be classified as a PGE-ore deposit (Barnes and Ripley, 
2016). A PGE-ore deposit, as defined by Barnes and Ripley, 2016, must produce 
more than 2% of the worlds’ annual Pt or Pd.  Deposits that fall within this category 
includes the Bushveld Complex (UG-2, Merensky Reef and Platreef), the Norilsk 
(Noril’sk 1, Talnakh and Kharaelakh), the Great Dyke (the Main Sulphide Zone), the 
Stillwater Complex (J-M Reef) and the Lac de Iles (Roby and Offset Zones) (Barnes 
and Ripley, 2016) (see Table 2.3 for PGE grades and tonnages). The PGEs are also 
mined as by-products from a variety of magmatic Ni-deposits and alluvial deposits. 
The accounted PGE production from these deposits contribute to less than 5% of 
total annual world production (Mudd, 2012; Barnes and Ripley, 2016).  
 
Table 2.3: PGE grades and enrichment factors of some of the largest PGE deposits 
around the world. Data was taken from Naldrett (2010; 2011).  
Host and deposit 
Metal 
association 
Total PGE 
(g/t) 
PGE 
(t) 
% as PGE 
Bushveld 
Complex 
Total 
Bushveld 
PGE  
dominant 
5.67 65487.93 93.2 
UG2 reef 5.70 32730.00 98.0 
Merensky 
reef 
6.21 26161.00 92.25 
Platreef 4.12 6582.00 69.5 
Stillwater PGE 20.69 419.71 98.6 
Great dyke PGE 5.41 13946.32 85.4 
Lac de Iles PGE 1.84 173.95 73.1 
Portimo area PGE 5.97 6689.92 63.0 
Norils’k 
Ni-Cu-S 
dominant 
10.03 12607.38 37.2 
Duluth Ni-Cu-S 0.65 2620.72 20.5 
Sudbury Complex Ni-Cu-S 1.17 1932.70 18.7 
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Chapter 3 
The Bushveld Complex 
 
The Bushveld Complex, in South Africa, is the world’s largest known reserve of PGE 
(Figure 3.1) (Hall, 1932; Vermaak, 1995; Cawthorn, 2010).  The large layered igneous 
intrusion is also rich in other exploitable metals such as V, Ni, Co and Au (Cawthorn, 
2010). The formation of the Bushveld Complex and its PGE mineralisation remains 
one of the most active debates in economic geology (Irvine, 1977; Von Gruenewaldt 
et al., 1989; Tredoux et al., 1995; Cawthorn and Walraven, 1998; Barnes et al., 2004; 
McDonald and Holwell, 2011; Maier et al., 2013; Latypov et al., 2018). An overview 
on the formation, age, stratigraphy, PGE enrichment and economic viability of the 
Bushveld Complex is discussed as introduction to the northern limb and the Troctolite 
Unit (TU) (Chapter 4). 
 
 
Figure 3.1: The outcrop of the Bushveld Complex and Transvaal Supergroup in South 
Africa. The far north extension (Waterberg Project) is not shown on the map. Figure was 
adapted from McDonald and Holwell (2011). 
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3.1 Geo-tectonic framework and formation 
 
The tectonic setting in which the 100 000 km2 Bushveld Complex (Tankard et al., 
1982; Zeh et al., 2015) formed is still poorly understood. The tectonic evolution of the 
Kaapvaal craton as well as its crustal stability and thickness probably played a critical 
role in the emplacement and preservation of the Bushveld Complex (Maier et al., 
2013). The evolution of the Kaapvaal craton in relation to the formation of the 
Bushveld Complex as well as possible formation models and associated deformation 
is discussed in the next section.  
 
3.1.1 Tectonic framework  
 
For an intrusion the size and extend of the Bushveld Complex to form and stay 
preserved several factors had to be prevalent during emplacement: 1) a stable thick 
craton; 2) thin crust or intrusion into shallow crust level; 3) multiple replenishment 
events (Maier et al., 2013) and 4) emplacement during a relative short time-frame 
(Zeh et al., 2015).  
 
The majority of the Bushveld Complex lies within the Kaapvaal craton, with a long axis 
focussed on the Thabazimbi-Murchison Lineament (TML). The Kaapvaal craton 
formed by the amalgamation of several tectonic terranes between 3.7 Ga and 2.7 Ga 
(De Wit et al., 1992 as cited in McDonald and Holwell, 2011; Silver et al., 2004,) 
(Figure 3.2). The Kaapvaal shield, Kimberley Block and Pietersburg Block were 
juxtaposed around 2.9 Ga to form the larger part of the Kaapvaal craton (Silver et al., 
2004). The Kaapvaal craton collided with the Zimbabwe shield around 2.6 Ga - 2.5 
Ga to form the Limpopo Belt (Silver et al., 2004; Khoza et al., 2013).  
 
Continuous transpression between the Kaapvaal and Zimbabwe cratons, during the 
Magondi orogen (2.1 - 2.0 Ga), caused reactivation of the Limpopo Belt shear zones 
and the possible emplacement of the Bushveld magmas along the TML (Silver et al., 
2004; McDonald and Holwell, 2011).  
 
The northern limb lies on and to the north of the pre-Bushveld TML suture zone (Good 
and De Wit, 1997) (Figure 3.1 and 3.2). The TML formed around ±2.96 Ga and has 
been active during and after the formation of the Bushveld Complex; with known 
activity extending until present times (Good and De Wit, 1997; Armitage et al., 2007). 
The ENE-trending TML separates the northern limb from the rest of the Complex (Van 
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der Merwe, 1976). The precise relationship between the TML and the northern limb 
at time of its formation is not clear, especially whether the northern limb was 
connected to the main body of the Bushveld Complex or if it was essentially cut-off, 
partially or wholly during the various stages of the intrusion’s development.  
 
 
Figure 3.2: Geotectonic evolution of the Kaapvaal craton from >3000 Ma to 1800 Ma. 
Bushveld magma was most probably emplaced during the Magondi Orogen around 2.05 
Ga. Figure was adapted from Silver et al. (2004); McDonald and Holwell (2011).  
 
The influence of the TML on the formation of the Bushveld is not yet clear. The TML 
probably played an important role in: 1) the morphology of the pre-Bushveld basement 
structures by strongly influencing the tectonic grain in the area; 2) during 
emplacement by acting as a possible feeder for the Bushveld (Kinnaird et al., 2005; 
Clarke et al., 2009; Yudovskaya et al., 2013); 3) the suture zone may also have acted 
as a conduit for large volumes of fluid, expelled from the country rocks, to escape to 
higher crustal levels (Good and De Wit, 1997); 4) post-Bushveld deformation. The 
intrusion of the Bushveld reactivated stress-fields in the archaean basement and 
Transvaal Supergroup (TSG) country rocks (Du Plessis and Walraven, 1990; Good 
and De Wit, 1997). 
 
The Bushveld Complex did not form from the crystallisation of a single magma but 
was replenished several times to form the observed stratigraphy (Sharpe, 1985; 
Kruger 2005, Tegner et al., 2006, Naldrett et al., 2009). Tegner et al. (2006) defined 
at least nine magma cycles based on reversals in normal fractionation as seen in 
higher Mg# in olivine and pyroxene, higher An% of plagioclase and higher V2O5 of 
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magnetite. A change or shift in Sr isotope signature (Figure 3.3) marks the influx of 
new magmas at the level of the MZ and the UZ (Kruger, 2005).  
 
 
Figure 3.3: Subdivision of the Rustenburg Layered Suite (RLS). A change in the 87Sr/86Sr 
isotope ratios indicates new magma influx into the Bushveld chamber.  Figure was 
taken from Kruger (2005).  
 
Field relationships and thermal modelling have shown that the Bushveld must have 
been in emplaced during a relative short time frame; probably 1 Myr or less 
(Schweitser et al., 1997; Cawthorn and Walraven, 1998). Scoates et al. (2012) 
estimated that the Bushveld Complex was emplaced over seven million years, 
between 2061-2054 Ma. New U-Pb dating data coupled with petrological observations 
from Zeh et al. (2015), on zircon in the RLS, showed that the Bushveld may have 
formed in <1.02 ± 0.63 Ma. Zeh et al. (2015) postulate that magma was rapidly 
accumulated over <100 ka with crystallisation and cooling estimated to have been 
<950 Ma. Zeh et al. (2015) calculated ages for the Marginal Zone rocks at 
2055.90±0.26 Ma and cumulates at the centre of the Rustenburg Layered Suite (RLS) 
at 2054.89 ± 0.37 Ma. 
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3.1.2 Formation of the Bushveld Complex 
 
The formation of the Bushveld Complex, in an intra-cratonic setting, has been 
proposed to have resulted from: 1) a massive meteorite impact (bolide model) (see 
French and Hargraves, 1971; Elston et al., 2008); 2) the emplacement of a mantle 
plume (plume model) (Hatton, 1995; Schweitser et al., 1997); 3) back-arc magmatism 
associated with subduction of oceanic lithosphere along the northern margin of the 
Kaapvaal craton (back-arc model) (Wilmore et al., 2002; Clarke et al., 2009) and 4) 
catastrophic keel delamination (Olsson et al., 2011).  
 
Paleomagnetism studies on the Bushveld Complex have shown that the Bushveld 
cannot have formed from a single crystallising magma.  Different zones have unique 
pole positions and thus must have formed from repeated magma injections (Eales et 
al., 1993 as cited in Kinnaird et al., 2005). The Bushveld Complex was emplaced 
during two major stages: the integration stage (open system) and differentiation stage 
(closed system) (Kruger, 2005) (Figure 3.3). During the lower integration stage the 
magma was replenished several times by magmas with contrasting isotope 
compositions (Figure 3.3). New magma influxes are defined by stratigraphical 
boundaries, PGE-reefs and marker horizons (Kruger, 2005). The closed system or 
differentiation stage marks the last large big influx of magma into the Bushveld 
chamber. The differentiation stage is characterised by massive horizons formed by 
fractional crystallisation (Kruger, 2005).  
 
The emplacement of the Bushveld Complex caused localised metamorphism (contact 
aureole) and two episodes of folding of the Transvaal Supergroup (TSG) sediments 
(Good and De Wit, 1997). Three groups of emplacement-related structures are 
evident in different areas of the Bushveld contact aureole (Clarke et al., 2009). The 
structures include: 1) interfinger deformation zones between intruding magmas; 2) 
finger-like emplacement of sub-Bushveld Complex intrusions into the underlying 
Bushveld aureole; and 3) diapritic domes (Clarke et al., 2009).  
 
3.2 Stratigraphy 
 
The Bushveld Complex collectively comprises of four igneous suites (Naldrett et al., 
2009). The mafic-ultramafic Rustenburg Layered Suite (RLS) forms the base of the 
Bushveld Complex and is capped by the Rooiberg Group (Hartzer, 1995). The 
Lebowa Granites and Rashoop Granophyre Suite crosscuts the succession (SACS, 
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1980; Eales and Cawthorn, 1996). The Bushveld Complex intruded into meta-
sediments of the 2.6-2.1 Ga TSG and into the gneisses and granites of the Archaean 
floor granites in the north of the Complex (Van der Merwe, 1976, 1978; Ashwal et al., 
2005). Younger sediments of the Waterberg Group and Karoo Supergroup overlie the 
Bushveld Complex (Viljoen and Shurmann, 1998). An overview on the stratigraphy of 
the Bushveld Complex, including a short review on the country rocks and syn- and 
post Bushveld intrusions, is discussed in the subsequent sections. 
  
3.2.1 Country rocks  
 
Archaean granites and gneiss and late Archean to early Proterozoic sediments of the 
TSG (Eriksson et al., 1993; 2001) form the country rocks of the Bushveld Complex 
(Van der Merwe, 1978; Naldrett et al., 2009) (Figure 3.1). The type of country rock 
varies around the complex and at the edges of the different limbs. Upper TSG 
sedimentary rocks underlie most of the western- and eastern limbs whilst Archean 
granites and lower TSG sediments form the country rocks of the northern limb (Van 
der Merwe, 1976, 1978; Ashwal et al., 2005). Floor rock lithologies in the northern 
limb also change northwards along strike from meta-sediments of the lower TSG (2.6 
Ga) in the south to Archaean basement granite and gneiss (3.1 Ga) in the north (Van 
der Merwe, 1978; Kinnaird et al., 2005).  
 
Large quantities of crustal material were incorporated into the Bushveld magmas, 
especially around the margins of the intrusion (Von Gruenewaldt and Harmer; 1992; 
Kruger, 1994; Schweitzer et al., 1997). Evidence of country rock uptake is most 
evident in the massive dolomitic and calc-silicate xenoliths in the northern limb (Gain 
and Mostert, 1982; Kinnaird et al., 2005; Holwell et al., 2006; Maier et al., 2008). TSG 
sediments and Archaean granites provided additional sulphur and trace-metals to the 
sulphide poor Bushveld melts (Lesher, 1989; Keays, 1995; Barnes and Lightfoot, 
2005).  
 
3.2.1.1 The Transvaal Supergroup  
 
The Transvaal Supergroup (TSG) (2700 - 2054.4 ± 1.3 Ma) (Eriksson et al., 1993; 
Scoates and Friedman, 2008 as cited in Frauenstein et al., 2009) is one of the Earth’s 
oldest and best preserved known late Neoarchaean-Paleoproterozoic sedimentary 
sequences (Eriksson et al., 1993)(Figure 3.4). The 15000 m thick sedimentary 
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succession of clastic, chemical- and volcanic sediments formed by infilling of an 
epeiric (inland) sea palaeo-environment (Eriksson et al., 1993; 2001).  
 
The TSG is preserved in three structural basins in the Kaapvaal craton: the 
Griqualand West sequence (Ventersdorp), Transvaal sequence (Bushveld) and in the 
Kanya Basin (Botswana) (Figure 3.4). Basin formation and alignment was a function 
of pre-existing tectonic grain; a northwest-trending arch separates the basins 
(Hartzer, 1995).  
 
 
Figure 3.4: Outcrop and geotectonic framework of the Transvaal and Griqualandwes 
sequences of the Transvaal Supergroup (TSG). Figure was adapted from Knoll and 
Beukes (2009).  
 
The Transvaal sequence (eastern basin) underlies most of the Bushveld Complex 
and is subdivided into four major lithostratic units; in stratigraphic order, the basal 
“Protobasin” rocks, Black Reef Formation (fluvial sandstones), Chunniespoort Group 
(carbonate-BIF platform) and the uppermost Pretoria Group comprising a volcano-
sedimentary sequence (Hartzer, 1995; Eriksson et al., 1993; 2001) (Figure 3.5). The 
TSG sediments are important in the genesis of the Bushveld Complex and its mineral 
deposits, as in some places the sediments provided an additional source of sulphur 
and fluids to the Bushveld magma(s) (Lesher, 1989; Keays, 1995; Barnes and 
Lightfoot, 2005).  
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The evolution and formation of the TSG can be linked to specific tectonic events in 
the Kaapvaal craton (Figure 3.5). The protobasin rocks formed during a period of 
extensive rifting in the craton. The Black Reef and Chunniespoort groups were 
deposited predominately during a period of tectonic stability in an intra-cratonic sag 
basin. The end of the Chunniespoort group deposition (marked by the Duitschland 
Formation) is marked by rift tectonics.   
 
The intrusion of the Bushveld Complex into the Transvaal basin caused the sediments 
to dip slightly inwards, up to 20° towards the centre of the Complex (Hartzer, 1995; 
Eriksson et al., 1993), amplifying pre-Bushveld deformation of the TSG.  
 
 
Figure 3.5: Stratigraphy, age relationship, tectonic evolution and deposition of the 
Transvaal basin of the Transvaal Supergroup sediments. Figure was adapted from 
Eriksson et al. (1993, 2001). 
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3.2.1.1.1 Protobasinal Sequence and the Black Reef  
 
Protobasinal rocks (2657-2659 Ma) is a purely descriptive term used to describe 
several discrete individual sedimentary units, of Ventersdorp age, that form the basal 
contact of the TSG (SACS, 1980 as cited in Eriksson et al., 2001). The Black Reef 
forms the basal contact of the TSG (Figure 3.5) with the Archaean granites and meta-
sediments of the Ventersdorp Supergroup (Eriksson et al., 1993). The fluvial 
successions, comprising conglomerate-sandstone-mudstone cycles overlain by 
arenite-mudrock cycles, were deposited during a time of thermal subsidence in the 
Kaapvaal craton (Eriksson et al., 2001). Thermal stability marked the deposition of 
the Black Reef and Chunniespoort Group. However, mild compression was evident 
during Black Reef deposition. Compression in the basin caused a paleo-drainage 
divide in the southwest of the basin (Eriksson et al., 2001).  
 
An unconformity separates the Black Reef formation from the overlying 
Chunniespoort Group as seen in a transgressive black shale at the base of the 
Chunniespoort succession (Clendenin, 1989; Catuneanu and Eriksson, 1999 as cited 
in Eriksson et al., 2001) (Figure 3.5).   
 
3.2.1.1.2 Chunniespoort Group 
 
The Chunniespoort Group represents dolomite-BIF succession deposited in a shallow 
inland sea (epeiric marine setting) during thermal subsidence of the Kaapvaal craton 
(Eriksson et al., 2001). The Chunniespoort is divided into the Malmani Group 
(dolomites), Penge Formation (ironstones) and Duitschland Formation (shale and 
marl) (Eriksson et al., 2001) (Figure 3.5).  
 
The dolomite-rich Malmani Group was deposited over an extensive area of the 
Kaapvaal craton in a shallow marine environment (Martini et al., 1995) (Figure 3.4 
and 3.5). Transgressions and regressions of the inland paleo-sea caused several 
dolomitic horizons to form dividing the subgroup into five distinct unconformity bound 
formations (Eriksson et al., 1993; 2001). The Malmani dolomites comprise of an 
almost 1200 m thick shallow marine carbonate platform of massive dolomites with 
interbedded shales, chert and mudstones deposited in the platform to basin transect 
(Eriksson et al., 2001). 
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The Penge ironstone Formation (ca. 2480-2460 Ma; Frauenstein et al., 2009; Nelson 
et al., 1999 as cited in Eriksson et al., 2001) forms a gradational contact with the 
Malmani dolomites (Eriksson et al., 1993; 2001). The sheet-like micro- to macro 
banded Penge ironstones are roughly 640 m thick) and formed during the maximum 
expansion of the Transvaal sea (Eriksson et al., 1993; 2001). 
 
The Duitschland formation (2316 ± 7 Ma) (Hannah et al., 2004) was deposited 
discordantly on the Penge Iron stones in an open shallow shelf lacustrine environment 
(Frauenstein et al., 2009). The Duitschland sedimentary succession is between 15-
1100 m thick (Clendenin, 1989; Potgieter, 1992 as cited in Eriksson et al., 2001) and 
consists of shales, marls, quartzites, dolostones, limestones, diamictite (Frauenstein 
et al., 2009) and reworked Chunniespoort carbonate-BIF source rocks. Duitschland 
sedimentation marks the final infilling of the inland Malmani-Penge Sea (Eriksson et 
al., 1993).  
 
3.2.1.1.3 The Pretoria Group 
 
The Pretoria Group (2224 ± 21 Ma) (Walraven and Martini, 1995 as cited in Eriksson 
et al., 2001) consists of 14 formations of dominant clastic sedimentary rocks with 
limited volcanic rocks (Eriksson et al., 2001). Only the upper five formations or upper 
Pretoria Group formations are preserved in the eastern Transvaal basin in the 
Bushveld Complex vicinity (Eriksson et al., 2001). The upper Pretoria Group consist 
of lacustrine and alluvial deposits of sandstones and mudrocks deposited during a 
period of uplift (pre-rift doming) in the craton (Eriksson et al., 2001).  
 
The Pretoria Group rocks were deposited during a time of tectonic instability in the 
Kaapvaal craton that marks the transition in tectonic regime for the emplacement of 
the Bushveld Complex (Catuneanu and Eriksson, 1999). Deposition was a function of 
tectonic activity in the craton (Catuneanu and Eriksson, 1999); two cycles of rifting 
(syn- and post rift tectonics) and a later stage thermal subsidence (subsidence-driven) 
(Eriksson et al., 2001). An unconformity of ca. 80 Ma is thought to separate the 
Pretoria Group from the underlying Chunniespoort Group (Eriksson et al., 2001).  
 
3.2.1.2 The Rooiberg Group 
 
The 2.06 Ga Rooiberg Group is the largest known single accumulation of siliceous 
volcanism in Earth history (Twist and French, 1993 as cited in Schweitzer et al., 1997), 
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and is estimated to have formed from 300 000 km3 magma. The 4-6 km thick 
(Buchanan et al., 2004) volcanic-sedimentary succession forms the roof and the floor 
of the Bushveld Complex (Eriksson et al., 1993).  
 
The volcano-sedimentary Rooiberg Group is subdivided into the Dullstroom-, 
Damwall-, Kwaggasnek- and Schrikkloof Formations (SACS, 1980; Schweitzer et al., 
1997), The Lebowa and Rashoop granites cross-cuts the Rooiberg Group succession 
(Fourie and Harris, 2011). Most authors consider the Rooiberg Group lavas to 
represent an early acid phase of magmatism that slightly pre-dates or was 
synchronous with the emplacement of the RLS (Kruger, 2005). More recently others 
have proposed that the Rooiberg Group forms part of the fractional crystallisation of 
the Bushveld magmas that make up the RLS (Mathez et al., 2013; Van Tongeren et 
al., 2016). 
 
More fractionated mantle derived melts formed the low Ti-suite volcanic units of the 
Dullstroom, Damwal and Kwaggasnek Formations. The high Ti-suite of the Dullstroom 
formation formed from a different source but with a similar composition to the low Ti 
melts (Buchanan et al., 2004).   
 
3.2.2 The Rustenburg Layered Suite 
 
The 7-8 km thick stratiform Rustenburg Layered Suite (RLS) consist of five major units 
of mafic to ultramafic intrusive rocks (Hall, 1932; Van Tongeren et al., 2010) (Figure 
3.6). The RLS was originally subdivided based on select mineralogical changes and 
the presence of marker horizons (Hall, 1932; Wager and Brown, 1968). However, 
what should define a stratigraphic boundary (i.e. change in mineralogy, geochemistry 
or shift in isotope signature) and how boundaries might differ between limbs remains 
controversial (see for example SACS, 1980; Kruger, 1990; 2005). The RLS is divided 
into the Marginal Zone at the base followed by the Lower Zone (LZ), Critical Zone 
(CZ), Main Zone (MZ) and Upper Zone (UZ) (Hall, 1932; SACS, 1980). The Merensky- 
and UG2 reefs in the CZ forms the main PGE ore horizons in the western- and eastern 
limbs. The Platreef is the main PGE ore horizon of the northern limb (Van der Merwe, 
1976; 1978).  
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Figure 3.6: Simplified stratigraphy of the Rustenburg Layered Suite (RLS) in the 
eastern-, western- and northern limbs with important reefs and marker horizons. Figure 
was taken from Barnes et al. (2004).  
 
3.2.2.1 The Marginal Zone 
 
The 0->880 m thick Marginal Zone (Figure 3.6) forms the base of the RLS and 
consists of predominantly heterogeneous norites with minor pyroxenites (Eales and 
Cawthorn, 1996; Barnes et al., 2004, Naldrett et al., 2009). The Marginal Zone is not 
always present and in places is represented by a variety of fine grained noritic sills 
that underlie the major stratigraphic units of the Bushveld Complex (Sharpe, 1981). 
 
The Marginal Zone has been used to estimate the composition (major and minor 
elements) and PGE concentration of the magmas that formed the Bushveld Complex. 
The composition of the source of the Bushveld parental magma, including the 
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composition of the individual Bushveld magmas (designated B1-B3 by Sharpe, 1981) 
and the processes that formed and contributed to their unusual composition remains 
a disputed topic amongst authors (see for example Davies et al., 1980; Sharp, 1981, 
Davies and Tredoux, 1985; Harmer and Sharp, 1985; Eales, 2002; Barnes et al., 
2010; Wilson, 2012 and Maier et al., 2016).  
 
Possible hypotheses for the source magmas includes either the melting of 
metasomatized harzburgite of sub-continental lithospheric mantle (SCLM) (with or 
without a contamination component) (see for example Harmer and Sharp, 1985; 
Richardson and Shirey, 2008), crustal contamination of a komatiitic source (see for 
example Wilson, 2002) or a combination of the two models (Barnes et al., 2010).  
Maier et al. (2016) proposes that the source might have been asthenosphere 
komatiites contaminated by quarzitic floor rocks based on a chill sequence in the 
Lower Zone (western limb). Irreverent of provenance, the most recent estimation of 
the source magma is a basaltic andesite with MgO between 18-19 wt.% (Wilson, 
2012) or possibly as high as 20-25 wt.% (Maier et al., 2016). Eales (2002) has shown 
that the B1 is a plausible analogue for the LZ and CZ source but the B2 (upper CZ 
and MZ) less so. Eales (2002) argues that the chill sequences and sills cannot be 
‘exclusive’ end members or representation of these magmas; the residual magmas 
might have undergone mixing and hybridization after or even before the expulsion of 
the sills.  
 
3.2.2.2 The Lower Zone 
 
The Lower Zone (LZ), like the Marginal Zone is not always present (Kinnaird et al., 
2005). Where it is present the ultramafic 800-1300 m thick LZ consists of cyclical units 
of peridotites-pyroxenites with lesser harzburgite and dunite (Cawthorn, 2002; Barnes 
et al., 2004; Naldrett et al., 2009) (Figure 3.6). Floor topography and structures 
controls the distribution and thickness of LZ lithology in the western and eastern limbs 
with the thickest succession found in the eastern limb (Eales and Cawthorn, 1996; 
Clarke et al., 2009). The LZ is devoid of PGE enrichment in the eastern and western 
limbs but contains chromitite layers and a Ni-PGE sulphide deposit in the northern 
limb (Hulbert and Von Gruenewaldt, 1982; Tanner et al., 2018).  
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3.2.2.3 The Critical Zone 
 
The CZ (Figure 3.6) lies stratigraphically above the LZ. Eales et al. (1990) define it at 
the transition between a thick olivine-bearing sequence and an overlying sequence of 
predominantly pyroxenitic rocks in the western limb. Cumulus chromitite and 
chromitite layers become significant above the boundary between the LZ and CZ 
(Naldrett et al., 2009). The CZ (1300-1800 m) consists of two distinct units; the Lower 
Critical Zone (LCZ) dominated by pyroxenite and chromitites of the Lower Group (LG) 
and the Middle Group (MG) and the Upper Critical Zone (UCZ) with cyclical units of 
chromitite-pyroxenite-norite-anorthosite that hosts the UG chromitite seams (UG1-2), 
the Merensky Reef (MR), Bastard Reef and their associated cyclic units (Cameron, 
1980; Eales and Cawthorn, 1996; Barnes et al., 2004).  
 
The LCZ is dominated by of pyroxenite, chromitite and limited harzburgite layers. A 
2-5 m thick mottled anorthosite marks the boundary between the lower- and upper 
CZ. The anorthosite has been suggested to represent an influx of new magma into 
the CZ (Naldrett et al., 2009).   
 
The upper CZ is divided into two sub units. The lower part of the upper CZ is devoid 
of cyclical units and is consists of anorthosite, norite and orthopyroxenite (Naldrett et 
al., 2009). The cyclical units above however are more mafic and consist of units of 
chromitite, harzburgite, pyroxenite, norite and anorthosite. The prominent UG-1 and 
UG-2 chromitite layers as well as the Merensky- and Bastard reefs are found in the 
upper CZ. The well-developed cyclical units of the upper CZ are suggested to have 
been the result of mingling or interaction of U-type and T-type magma (Wilson and 
Chunnett, 2006) or minerals (Seabrook et al., 2005).  
 
3.2.2.3.1 The UG-2 chromitite  
 
The UG-2 is the richest PGE horizon in the world (Barnes and Maier, 2002) and is 
estimated to host up to 58 % of known Pt reserves (Naldrett et al., 2009). The UG-2 
chromitite consists primarily of chromite (60-90 %) and silicates of pyroxene (5-30 %) 
and plagioclase (1-10 %) and <0.05% sulphur (Vermaak, 1995, Naldrett et al., 2009). 
The chromitite horizon is on average 1 m thick and hosts PGE grades of 4-8 g/t 
(Becker et al., 2009 and the references therein), with the highest PGM grades found 
at the top and bottom of the reef (Schouwstra et al., 2000).  PGE grades are 
characterised by an overall high (Pt + Pd) / (Ru + Ir + Os) and Pt/Pd ratios (Naldrett 
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et al., 2008).  Platinum-group element minerals (PGM) are very fine grained (~5 µm, 
Becker et al., 2007) and found as inclusions in chromite (very rare), associated with 
fine grained BMS such as po-pn-ccp (locked within or on the edges) or trapped in 
primary silicate phases such as plagioclase and orthopyroxene (Becker et al., 2009 
and the references therein). PGMs in the UG2 consists of sulphide assemblages and 
alloys with lesser tellurides-bismuthinides and arsenides (Penberthy et al., 2000). 
PGM types or assemblages varies according to occurrence (reef or pothole), along 
strike and within the western- and eastern limbs (Kinloch, 1982).   
 
 3.2.2.3.2 The Merensky Reef (MR) 
 
The Merensky Reef (MR) is the second richest known PGE resource and carries PGE 
grades of up to 10 ppm (Barnes and Maier, 2002). The mafic pyroxenitic pegmatoid 
consists of orthopyroxene (60 %), plagioclase (20 %), pyroxene (15 %), phlogopite (5 
%) and ± olivine. The reef is less than 0.30 m thick on average and various between 
0.10 – 4.00 m. The MR lies at the bottom of the Merensky cyclical unit (Barnes and 
Maier, 2002; Roberts et al., 2007). The reef is not completely uniform and variations 
in thickness, mineralisation and ore grade across the complex. The MR is subdivided 
into normal reef and a regional pothole reef sub-facies (Roberts et al., 2007). 
 
The MR has an average grade of 6.21 g/t PGE with an estimated PGE resource of 
2616100 t or 32 % of total Bushveld PGE resource (Vermaak, 1995 and Naldrett, 
1989 as cited in Naldrett, 2011). PGE association and PGM mineralisation differ 
between the eastern- and western limbs as well as within the western limb (north and 
south of the Pilansberg intrusion) and between reef types (normal or pothole) (Kinloch, 
1982, 1990; Osbahr et al., 2013). In the eastern limb PGE are strongly associated 
with sulphides such as pentlandite (Pd and Rh) with lesser grades in pyrrhotite and 
chalcopyrite. The highest concentration of PGE (Pt and Pd) is concentrated in the 
upper chromitite stringer and associated rocks in the western limb. In general PGE 
are hosted in massive and disseminated sulphides (pentlandite>chalcopyrite + 
pyrrhotite), chromitite seams (~1 cm thick) and discreet PGM (Osbahr et al., 2013). 
The PGM are dominated by Pd and Pt assemblages with lesser Ru>Rh>Ir>Os 
(Naldrett, 2011).  
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 3.2.2.3.3 The Platreef 
 
The Platreef is unique to the northern limb (Van der Merwe, 1976). Originally called 
the “Merensky platiniferous horizon” (Wagner, 1929) is the world’s third largest PGE 
deposit (Cawthorn, 2010) and forms the main ore horizon in the northern limb. The 
PGE-rich reef, of 10-300 m thick (McDonald and Holwell, 2007), consists of 
pyroxenites, serpentines and calc-silicates. The Platreef lies directly on the sediments 
of the TSG in the south and transgresses downwards towards the Archaean granites 
in the north (Eales and Cawthorn, 1996). The reef thins out or pinches out towards 
the north, breaking up in places to form isolated bodies or features.  
 
Wagner (1929) originally proposed a direct link between the Platreef and the 
Merensky Reef of the eastern- and western limbs. This idea has been disputed 
(McDonald et al., 2005) but has recently been revived with the discovery and 
investigation of the Flatreef; a deep portion of the Platreef that seems to show a more 
consistent stratigraphy and isotope characteristics similar to the UCZ (Yudovskaya et 
al., 2017; Grobler et al., 2018). However, this is yet to be proven conclusively. The 
Platreef is discussed in Chapter 4. 
 
3.2.2.4 The Main Zone 
 
The Main Zone (MZ), 3000-3400 m thick (Naldrett et al., 2009), consists of cyclical 
units of gabbronorites and ±anorthosites (Molyneux, 1974; Barnes and Maier, 2004).  
The base of the 2-3 km thick MZ is conventionally placed at the top of the Bastard 
cyclic unit (Maier et al., 2013) but Kruger (1990; 2005) places it at level of the 
Merensky Reef where a prominent shift in Sr isotopic signatures starts and transitions 
upwards into the Main Zone (Seabrook et al., 2005), A change in the dominant low-
Ca  pyroxene from orthopyroxene to pigeonite takes place in the middle of the MZ 
(Eales and Cawthorn, 1996) but the rocks remain largely dominated by gabbronorite 
throughout the sequence. The MZ of the eastern and western Bushveld lacks any 
PGE mineralisation. However, the upper MZ of the northern limb hosts several 
potential PGE-rich horizons including for example the Troctolite Unit (Cheshire, 2011), 
Aurora (McDonald et al., 2017) and the Waterberg Project (Huthmann et al., 2016).   
 
The boundary between the MZ and UZ was conventionally taken as the first 
appearance of cumulate magnetite in the crystallising sequence, visible in hand 
specimen (Molyneux, 1974; SACS, 1980; Knoper and Von Gruenewaldt, 1996). 
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However, more recent work suggests that the boundary could be at the Pyroxenite 
Marker (PM), which denotes a change in Sr-isotope signature and a reappearance of 
orthopyroxene as the dominant low-Ca pyroxene (Kruger et al., 1987; Kruger, 2005). 
The nature and origin of the PM has important implications for the genesis of the TU 
in the northern limb and it is described in detail in the next section. The PM is not 
continuous with lateral changes along strike (see for example Cawthorn et al., 2016) 
and not a single layer. The PM is absent in the northern limb. A better convention 
would be to use a change in mineralogy to denote stratigraphic boundaries and so 
keep boundaries consistent throughout the Bushveld Complex. Based on 
mineralogical boundaries the PM lies about 300-800 m below the boundary defined 
by SACS (1980) and forms part of the Upper MZ.  
 
 3.2.2.4.1 The Pyroxenite Marker 
 
The Pyroxenite Marker (PM) is a thin, lateral continuous unit of orthopyroxenite 
(Cawthorn et al., 1991; Nex et al., 2002) traceable for several hundred kilometres over 
the extend of the Bushveld Complex (Lorand et al., 2001). It is characterised by an 
abrupt change in Sr isotopes (Figure 3.3), and other trace elements like Cr (Sharpe, 
1985; Cawthorn et al., 1991, Lorand et al., 2001; Kruger, 2005), a shift to higher Mg# 
in pyroxene in the PM and pyroxene assemblage (Nex et al., 2002). The low-Ca 
pyroxene assemblage changes from inverted pigeonite in gabbronorites below the 
PM to primary orthopyroxene in the PM itself and in gabbronorites immediately above 
the marker (Nex et al., 2002). The PM is devoid of olivine, does not host economical 
viable PGE grades (Maier et al., 2001) and is depleted in chalcophile metals (Sharpe, 
1985 as cited in Maier et al., 2001). The PM is not continuous with lateral changes 
along strike (see for example Cawthorn et al., 2016) and not a single layer. In places 
it sometimes splits into two or three thin layers (Molyneux, 1974) 
 
The source and formation of the PM is still unclear (see for example Sharp, 1985; 
Maier et al., 2001; Nex et al., 2002; Cawthorn et al., 2016). The PM has been 
proposed to have formed by: 1) a new magma influx into the MZ coupled with slow 
mixing (see for example Cawthorn et al., 2016 and the references therein), 2) a result 
of mixing of a primitive UZ magma with the resident MZ magma (Cawthorn et al., 
1991; Lorand et al., 2001) whereby more primitive magma entering the chamber 
crystallises similar pyroxene to the residual magma but more primitive plagioclase. 3) 
Due to the emplacement of a cool dense MZ crystal mush, into the upper CZ, 
displacing a warmer and lighter residual magma (Sharpe, 1985; Maier et al., 2001). 
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The warmer magma is super cooled and coupled with the suppression of plagioclase 
crystallisation formed the PM (Maier et al., 2001). 4)  Nex et al. (2002) proposes a 
model of continuous mixing between new primitive magma influxes and the resident 
magma that explains the decoupling trends between pyroxene and plagioclase 
compositions, or 5) a possible new magma source (UZ magma) (Kruger, 2005), as 
seen in the change in 87Sr/86Sr isotope signatures in the UZ cumulates above (0.7073) 
and MZ cumulates below (0.7085). Kruger (2005) states that the PM may have formed 
by mixing pure UZ magma with residential MZ magma in the rest of the complex to 
form the PM. 
 
Most of the proposed models seem to suggest that the PM must have formed from 
new magma input into the MZ with variable degrees of mixing in order to explain the 
change in initial Sr coupled with a reversal in mineral composition of pyroxene. Kruger 
(2005) noted that the PM in the southern lobe is less radiogenic, with a different initial 
Sr value (0.7055), than elsewhere in the complex (0.7072). This might imply that the 
new UZ magma entered the chamber in the south and as it spread through the 
complex interacted and mixed to various degrees with the more radiogenic (older) MZ 
magma (Kruger, 2005).   
 
3.2.2.5 The Upper Zone 
 
The Upper Zone (UZ) represents the influx of a new more primitive magma mixing 
with the resident MZ magma in the eastern and western limbs (Lorand et al., 2001, 
Kruger, 2005). The 2000-2800 m thick UZ consists of alternating layers of gabbro, 
magnetite gabbro, anorthosite, magnetite and olivine (fayalite) diorite with 25 distinct 
magnetite layers (Eales and Cawthorn, 1996; Naldrett et al., 2009).  
 
The UZ marks the first appearance of cumulus magnetite in the crystallising sequence 
(Figure 3.6) with cyclical units of magnetite, gabbronorites and anorthosites (SACS, 
1980). The first massive magnetite layer marks the boundary with the MZ (Barnes 
and Maier, 2004). The UZ is essentially barren of PGE apart from PGE-Ni-Cu that has 
been recorded in the UZ, at the base of the first magnetite layer (Von Gruenewaldt, 
1979; Harney et al., 1996; Barnes et al., 2004; Cheshire, 2011). Von Gruenewaldt 
(1979) recorded grades of 1-2 g/t in sulphide bearing rocks just below the Main 
Magnetite seam.  
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3.2.3 The Rashoop Granophyre Suite  
 
The siliceous Rashoop Granophyre Suite (RGS) is thought to have been a shallow 
intrusion/s of magma (Walraven, 1988; Schweitzer et al., 1995). Field relations and 
age dating showed that the Rashoop Granophyre Suite must have intruded after the 
RLS but before the Nebo Granites of the Lebowa Suite (Fourie and Harris, 2011).  
 
The Suite consists primarily of two types of granophyres: magmatic (Stavoren 
Granophyre) and metamorphic (Zwartbank Pseudo-granophyre and Diepkloof 
Granophyre) (Walraven, 1988 as cited in Fourie and Harris, 2011). The granophyres 
show chemical and textural similarities to the Rooiberg Group and Lebowa Granite 
Suite (Walraven, 1988; Schweitzer and Hatton, 1995; Fourie and Harris, 2011).  
Geochemical similarities with the Lebowa granites indicated that the Rashoop 
granophyre suite may represent an earlier granite intrusion episode (Walraven, 1988). 
 
3.2.4 The Lebowa Granite suite 
 
The Lebowa Granite Suite (ca. 2055 Ma) (Harmer and Armstrong, 2000) is the largest 
known example of A-type plutonism (Kleeman and Twist, 1989 as cited in Schweitzer 
et al., 1997) and is estimated to have formed from 120000 - 200000 km3 magma (Hill 
et al., 1996 as cited in Van Tongeren et al., 2016). The Suite is subdivided into the 
Klipkloof-, Makhutso and Nebo granites and consist predominately of low-magnesium 
felistes (LMF) (Schweitzer et al., 1997). 
 
The highly fractionated Lebowa Granites were emplaced approximately coeval with 
the RLS (McNaughton et al., 1993). Field relationships and age dating show that the 
granites intruded towards the end of last Rooiberg Group volcanic flows or just after 
(Schweitzer et al., 1997).  
 
3.3 Morphology and structure 
 
The Bushveld Complex intruded nearly horizontally into the sediments of TSG 
(Kruger, 2005) and is preserved in five compartments or limbs: the western, eastern, 
far-western (Nietverdiend), southern (Bethal) and northern (Villa Nora-Potgietersrus) 
limbs (Du Plessis and Walraven, 1990; Naldrett et al., 2009) The limbs differ in 
lithology (RLS), structure (size and shape), deformation and thickness throughout the 
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complex and are exposed at different erosion levels (Van der Merwe, 1978; Naldrett 
et al., 2009). A complete RLS stratigraphy comprising all zones and subzones is only 
expressed in the northern parts of the eastern and western limbs.  
 
The eastern- and western limbs are connected at depth to form a lapolith shaped body 
based on lithological- and compositional similarities (Hall, 1932; Eales and Cawthorn, 
1996) and geophysical surveys (Cawthorn and Webb, 2001; Webb et al., 2004; Webb 
et al., 2011; Cole et al., 2014). Geophysical surveys on the Kaapvaal craton has 
shown that the crust is thickest below the Bushveld Complex and surrounding areas 
(Webb et al., 2004; Nair et al., 2006). The Bushveld Complex should thus be much 
larger at subsurface and may possibly be connected at depth to form a sill-like lopolith 
structure (Webb et al., 2004; 2011). Xenoliths of Bushveld like rocks from the 
Cretaceous Palmietgat Kimberlites (±100 Ma), which lies geographically between the 
eastern and western limbs, supports the original theory of a single continuous sill-like 
body of up to 400 km across (Webb et al., 2011; Cole et al., 2014).  
 
The far-western-, southern- and northern limbs were not fully developed with distinct 
horizons being absent or only developed to a limited extend (Naldrett et al., 2009). 
The far-western-limb, west of the Pilanesberg, is only known from limited locations 
with partially developed CZ and LZ (Yudovskaya et al., 2013). The far-western limb, 
currently eroded down to Marginal Zone level, may have been a separate fully 
developed lobe (Naldrett et al., 2009).  
 
The southern limb (Bethal limb) is buried under Karoo Supergroup sediments 
(between 60-240 m thick, Buchanan, 1979) and is only known from geophysical 
studies, limited outcrop and a series of boreholes (Buchanan, 1979; Kruger, 2005). 
The southern limb differs from the eastern and western limbs as the limb consists only 
of UZ (up to 1800 m thick) with ± LZ and marginal related rocks; the CZ- and MZ are 
absent (Buchanan, 1979; Kruger, 2005; Naldrett et al., 2009). Kruger (2005) proposes 
that the southern limb, together with the TML, might be where the UZ magmas entered 
the chamber; acted as a possible feeder zone. Continuous influx of magma might 
have eroded the MZ to form the unconfirm relationships seen in the southern limb.  
 
The northern limb differs somewhat from the western- and eastern limbs in 
stratigraphy and mineralisation (Van der Merwe, 1978). The limb is separated from 
the rest of the complex by the TML and consists of two major compartments separated 
by the Planknek-Ysterberg fault. The northern limb is discussed in Chapter 4.  
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Chapter 4 
The northern limb of the Bushveld Complex 
 
The northern limb (Potgietersrus limb) shows a number of features that are different 
from the rest of the Bushveld Complex. How the limb formed, when it formed and if it 
is truly part of the Bushveld Complex remains debated topics (see for example Van 
der Merwe, 1976; Kinnaird et al., 2005; McDonald et al., 2005; McDonald and Holwell, 
2011; Yudovskaya et al., 2013; Finn et al., 2015). The formation, stratigraphy, age 
and PGE enrichment of the northern limb is discussed here as introduction to the TU. 
 
4.1 Geotectonic framework and formation  
 
The exposed area of the northern limb trends roughly north over >130 km and varies 
in width between 4-15 km (Van der Merwe, 1978; 2008). A large volume of mafic 
rocks are also expected to be developed under younger cover rocks to connect with 
the Villa Nora fragment (Van der Merwe, 1978). Beyond the northernmost extremity 
an extensive suite of mafic-ultramafic rocks are present below Waterberg-age cover 
and have been intersected by drilling for PGE mineralisation (Kinnaird et al., 2017). 
These rocks are separated from the main mass of the northern limb by a major fault 
structure (the Hout River Shear Zone) and whether they are a true strike-extension of 
the northern limb or formed in a separate (disconnected) magmatic basin remains 
unclear (Kinnaird et al., 2017; Huthmann et al., 2016; 2018).  
 
The dip of the layered rocks changes along strike with the central sector dipping 15-
25° toward the west while the Platreef dips 40-45° on the margins (Van der Merwe, 
1978).  Major units tend to thin out and may be transgressed by younger magmatic 
sequences towards the north. Faults and structural features, over the entire northern 
limb succession, follow the NE-SW trend with vertical to near vertical dip, of pre-
Bushveld deformation. The nature of pre-Bushveld deformation probably influenced 
the sinuous outcrop of the northern limb (Van der Merwe, 1976; Good and De Wit, 
1997).   
 
The northern limb lies on and to the north of the pre-Bushveld Thabazimbi-Murchinson 
Lineament (TML) suture zone (Good and De Wit, 1997) that separates the crust and 
mantle of the Kaapvaal Shield from the crust and mantle of the Pietersberg Block 
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(Figure 4.1). The northern limb magmas were emplaced into the upper and lower 
Transvaal Supergroup (TSG) sediments and Archaean basement granites and 
gneisses (Van der Merwe, 1976; 1978). The ENE-trending TML separates the 
northern limb from the rest of the Bushveld Complex (Van der Merwe, 1976). The 
TML formed at approximately 2.90 Ga and has been reactivated several times during 
the formation of the Bushveld Complex (Good and De Wit, 1997). The precise 
influence of the TML on the formation of the Bushveld Complex and the intrusion of 
its various magmas is not yet clear. It has been proposed that the TML may have: 1) 
acted as a feeder structure / dyke for the Bushveld magmas (Kinnaird et al., 2005; 
Cole et al., 2014), 2) a magma dam (Kruger, 2005) or 3) a physical barrier between 
isolated chambers (McDonald et al., 2009).  
 
 
Figure 4.1: Tectonic position of the Northern limb within the Kaapvaal Craton and TML. 
Figure was adapted from Anhausser and Walraven (1999).  
 
Age dating of zircon shows that parts of northern limb such as the upper Platreef 
(2056±5 Ma, Yudovskaya et al., 2013) and the mafic rocks in the Waterberg Project 
area (2059±3 Ma and 2053±5 Ma; Huthmann et al., 2016) currently have large errors 
but the ages overlap with more precise ages obtained from the eastern and western 
limbs (Zeh et al., 2015; Mungall et al., 2016). The northern limb is assumed to have 
formed syn-Bushveld and would should yield similar age relations to the rest of the 
Bushveld Complex; 2054.4±1.3 Ma (Ashwal et al., 2005). New research is challenging 
the connection of the northern limb with the rest of the complex (Kinnaird et al., 2005; 
McDonald et al., 2005). Kinnaird et al. (2005) suggests that the northern limb may 
have been a separate intrusion from the rest of the Bushveld Complex, based on 
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recent age dating on the Platreef. However, whether the northern limb is a separate 
intrusion has not yet been proven conclusively within current age dating error margins 
(see Yudovskaya et al., 2013; Huthmann et al., 2016). A comparison of zircon ages 
between the eastern and northern Bushveld Complex is given in Table 4.1.  
 
Table 4.1: Zircon ages for the northern limb compared to key reefs and marker horizons 
from the eastern and western Bushveld Complex. 
 
Sample description 
and location 
Age (±error) 
(Ma) 
Reference 
Bushveld 
Volcanic rocks 
Zircon, rhyolite,  
Post RLS Loskop 
2057 ± 4 Harmer and Armstrong (2000) 
Bushveld 
Granite rocks 
Zircon, Lebowa granite, 
post RLS Lebowa 
2054 ± 2 Walraven and Hattingh (1993) 
Zircon, Nebo granite, 
Granite Suite 
2054 ± 3 Harmer and Armstrong (2000) 
Northern limb 
Waterberg 
F- and T-Zone, PTM 
tenements 
2059 ± 3 
2053 ± 5 
Huthmann et al. (2016) 
Upper Platreef  
2x zircon crystals from 
chromitite, Vaalkop 
2042.1 ± 4.2 
2038.0 ± 4.7 
Yudovskaya et al. (2013) 
Zircon, various: Vaalkop, 
Sandsloot, Tweefontein 
2056 ± 5 Yudovskaya et al. (2013) 
Lower Platreef Zircon, Sandsloot 2056.7 ± 4.4 Yudovskaya et al. (2013) 
Platreef granite 
dyke 
Zircons in granitic vein 
that crosscuts Platreef 
2053.7 ± 3.2 Hutchinson et al. (2004) 
Eastern and Western Bushveld 
Merensky Reef 
Zircon, Jagdlust, eastern 
limb, LZ + LCZ 
2051 ± 9 Yudovskaya et al. (2013) 
Critical Zone 
Zircon, pyroxenite 
Merensky Reef 
2054 ± 3 Harmer and Armstrong (2000) 
RLS cumulates 
Zircon, various eastern 
and western limb 
2054.89 ± 0.37 Zeh et al. (2015) 
Marginal Zone Zircon, pyroxenite 2055.91 ± 0.26 Zeh et al. (2015) 
 
4.2 Stratigraphy 
 
The main body of the northern limb covers an estimated area of > 2000 km2 (Van der 
Merwe, 1976) (Figure 4.2). The main body of the limb shows major changes across 
the Ysterberg-Planknek Fault and is conveniently divided into a southern section, 
south of the fault, and the central- and northern sections north of the fault (Hubert, 
1983). The subdivision of the main body is based on key changes the thickness of 
particular units in the magmatic stratigraphy and in the nature of the country rock 
along the strike of the limb; southern- (upper TSG sediments), central- (lower TSG 
sediments) and northern sector (Archaean granite and gneiss) (Van der Merwe, 1978; 
Kinnaird et al., 2005). 
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Figure 4.2: The northern limb of the Bushveld Complex, South Africa. Note the location 
of the VSF2-, BV1 and MO1 boreholes. Figure was adapted from Van der Merwe (1976; 
1978) and Yudovskaya et al. (2017). 
 
The most striking feature of the northern limb is how different, yet similar in areas, it 
is stratigraphically to the rest of the Bushveld Complex (Figure 4.3). The RLS is not 
fully developed in the northern limb with key layers or marker units under developed 
or not developed or ‘replaced’ by horizons unique to the northern limb. The UZ and 
parts of the GNPA member is the most similar to the rest of the complex. However, 
the sections, north of the Ysterberg-Planknek fault, differs significantly in respect of 
stratigraphy and PGE enrichment. The CZ is absent in these parts and replaced by 
the Platreef (and Flatreef), that forms the main ore horizon. The MZ differs the most 
to the rest of the complex. The MZ hosts a variety of horizons (and possible PGE 
deposits) that are unique to the northern limb and as yet not found anywhere else in 
the Bushveld Complex. These include the TU (Van der Merwe, 1976; Knoper and Von 
Gruenewaldt, 1996; Ashwal et al., 2005; this study), Aurora Project (McDonald et al., 
2017) and the Waterberg Project (Kinnaird et al., 2017; Hutchmann et al., 2017). 
Stratigraphic differences and similarities between the northern and western Bushveld 
are summarised in Figure 4.3 and Table 4.2. 
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Figure 4.3: Schematic diagram illustrating the variations in stratigraphy of the different 
sectors of the northern limb and compared to the eastern- and western limbs. Figure 
was adapted from Yudovskaya et al. (2017).   
 
Table 4.2: Comparison of lithology of the RLS between the eastern and western limbs 
with the northern limb. Data for this table was based on Barnes et al. (2004); Ashwal et 
al. (2005); Roelofse (2010), Roelofse et al. (2012), Roelofse et al. (2015). 
 
Eastern- and  
western limb 
Northern limb 
Marginal Zone 
0- 800 m thick norite and 
pyroxenite 
Not always present 
No marginal zone 
Lower Zone 
Not always present 
800-1300 m thick 
peridotite-pyroxenite with 
harzburgite-dunite 
Thickest in the entire Bushveld 
Limited to south of the YP fault / GNPA member 
Cr mineralisation in places 
Critical Zone 
Lower and Upper CZ 
Merensky Reef 
UG series 
Limited CZ, only in GNPA member 
No Merensky Reef or UG series 
Platreef ‘replaces’ CZ 
  Magmatic break between lower MZ and Platreef 
Main Zone 
3940-2860 m thick 
PM 
Differentiated 
3110 m thick 
Possible PM 
Undifferentiated 
Troctolite Unit No TU 
Troctolite Unit 
PGE mineralisation 
Spike in Cr at top of TU 
Pyroxenite Marker 
Pyroxenite Marker 
OPX dominant, no 
olivine 
No PGE mineralisation 
No Pyroxenite Marker 
Possible pigeonite unit 
No PGE mineralisation 
 
First appearance of 
cumulate magnetite 
Cumulus magnetite close to MZ-UZ boundary 
PGE mineralisation on boundary between MZ 
and UZ 
Upper Zone 
26 Magnetite stringers 
No PGE mineralisation 
18 Magnetite stringers 
Single layer with PGE mineralisation 
 
The Lebowa granite suite sills together with the Waterberg Group (2054 ± 4 Ma, 
Dorland et al., 2006) and Karoo Super Group (302-180 Ma, Rubidge et al., 2013 and 
the references therein) sediments and dykes crosscuts and overlie the northern limb. 
Evidence of country rock uptake is evident in the massive dolomitic and calc-silicate 
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xenoliths in the northern limb (Van der Merwe, 1978; Gain and Mostert, 1982; Kinnaird 
et al. 2005; Holwell et al., 2006; Maier et al., 2008). The TSG sediments and Archaean 
granites may have provided additional sulphur and trace metals to the sulphide poor 
Bushveld melts. The geomorphology of the floor rocks at time of emplacement caused 
the linear trough-like shape of the northern limb (Van der Merwe, 1976). The TSG and 
Achaean granites are discussed in Chapter 3.   
 
4.2.1 The Lower Zone 
 
The Lower Zone (LZ) is only partially developed in the northern limb with the upper 
LZ and lower CZ missing from the sequence (Holwell, 2006). The LZ is thickest in the 
south of the Yesterbeg-Planknek fault but thins out towards the north to form isolated 
or satellite bodies of LZ exposed at surface in the Archaean granites (Van der Merwe, 
1978; Holwell, 2006). Deep drilling through the Platreef sometimes intersects thick 
sequences of LZ rocks and it is likely that the LZ satellite bodies probably connect 
into thicker bodies at depth and intervals of country rock separate the LZ from the 
overlying Platreef (Yudovskaya et al., 2013).   
 
South of the Ysterberg-Planknek fault the LZ consists of cyclic units of dunite-
harzburgite-pyroxenite with Mg-rich (Mg#85-91) silicates (Hulbert, 1983). The LZ hosts 
two prominent layers of high Cr/Fe chromitite (Van der Merwe, 2008) and a zone of 
low grade stratiform Ni-PGE mineralisation known as the Volspruit Sulphide Zone 
(Hulbert and Von Gruenewaldt, 1982; Tanner et al., 2017; 2018). PGE enrichment in 
and at the base the LZ is unusual as PGE enrichment is usually absent in the 
lowermost and most ultramafic horizons of large layered intrusions (Tanner et al., 
2017; 2018 and the references therein). The unusual PGE mineralisation at Volspruit 
can be linked to large amounts of dolomite and limestone that was assimilated into 
the magma (Tanner et al., 2017; 2018).   
 
The LZ north of the Ysterberg-Planknek fault is composed of harzburgite-pyroxenite 
cycles with rare dunite and thin and sporadic high Cr/Fe chromitites (Van der Merwe, 
1976). A thick sequence of LZ intersected by drilling at Turfspruit contains 
disseminated sulphides with heavy (crustal) S isotope signatures (δ34S= +9.0 to 
+14.2‰) and low PGE concentrations (Yudovskaya et al., 2017).  
 
The LZ in the northern limb show greater similarities with the Clapham section of the 
eastern limb (Clarke et al., 2009; Wilson, 2012) than to the classic LZ sections of the 
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western limb (Teigler and Eales, 1996). However Mg# of olivine and orthopyroxene 
are on average higher and the abundance of both chromite and sulphides in the 
northern limb greatly exceed those present in the LZ of the eastern and western 
Bushveld Complex.  
 
4.2.2 The Critical Zone, GNPA Member and Platreef 
 
The thick and well developed CZ as seen in the eastern and western limbs is absent 
in the northern limb and nothing analogous to the Lower CZ has yet been recognised 
anywhere in the northern limb (Van der Merwe, 1978; 2008). Whether there is truly 
CZ as recognised in the rest of the Bushveld Complex developed in the northern limb 
remains a controversy among authors (Van der Merwe, 1976; McDonald et al., 2005; 
Van der Merwe, 2008; Maier et al., 2008; Grobler et al., 2018). South of the Ysterberg-
Planknek fault, the Grasvally-Norite-Pyroxenite-Anorthosite (GNPA) member has 
been proposed as UCZ (Hulbert, 1983; Van der Merwe, 2008).  
 
The 400-800 m thick layered GNPA cumulates package consists of vari-textured 
pyroxenites, anorthosites, gabbronorites, norites and chromitite layers (Van der 
Merwe, 1978; Smith et al., 2014). PGE mineralisation is closely associated with BMS 
in the upper and lower portions of the GNPA member and a sulphide-rich chromitite 
layer with PGE is traceable throughout the lower GNPA member (Maier et al., 2008).  
 
The “platiniferous horizon” of Wagner (1929) was termed the Platreef by Van der 
Merwe (1976) and is the world’s third largest PGE deposit (Cawthorn, 2010). The 
Platreef lies stratigraphically between the Archaean granite-gneiss and/or TSG 
bedrock and the MZ (Figure 4.4) (Kinnaird et al., 2005). The PGE-rich reef varies 
between 10-400 m thickness (Armitage et al., 2002; Kinnaird 2005; Holwell and 
Jordaan, 2006) and can be traced ~30 km along strike north of the Ysterberg-
Planknek fault before it is cut out by the overlying MZ. The uneven, sometimes 
undulating and ragged geometry with horst blocks, antiforms and dolomitic outliers, 
of the Platreef along strike is a function of the floor topography and the change in floor 
rock (Figure 4.4) (Van der Merwe, 1978; Armitage, 2011).  
 
The Platreef typically consists of norite, gabbronorite, pyroxenite, peridotite, 
serpentines and calc-silicates or hybrid rocks (Armitage et al., 2002; Kinnaird, 2005; 
Holwell and Jordaan, 2006; Yudovskaya and Kinnaird, 2010). However, Platreef 
thickness, lithology and PGE mineralisation differs along strike (see for example 
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Townlands, Turfspruit, Tweefontein, Sandsloot, Zwartfontein, Overysel, and Drenthe) 
(McDonald and Holwell, 2011).  
 
 
Figure 4.4: Schematic illustrating the change in bedrock topography and type as well 
as the shape, thickness and relationship of the Platreef along strike in the northern limb. 
Figure was adapted from Kinnaird et al. (2005).  
 
The Platreef is a sill-like body, emplaced more or less horizontally that intruded the 
lower TSG and exploited the unconformity between the TSG sediments and the 
Archaean basement rocks (Armitage, 2011). Some deformation in the TSG evidently 
predates the Platreef however, some regional deformation was still active at the time 
of intrusion of both the LZ and Platreef (Armitage, 2011). A prominent magmatic 
unconformity separates the Platreef from the overlying MZ (Holwell and Jordaan, 
2006). MZ gabbronorite and norite pushes into the Platreef in places along strike. The 
Platreef contact is marked by a sheared serpentinised pyroxenite (Holwell and 
Jordaan, 2006). 
 
The contact-type basal sulphide Platreef deposit formed by a series of magma pulses 
(Kinnaird, 2005; Ihlenfeld and Keays, 2011). Early studies on the Platreef (e.g. 
Buchanan and Rouse, 1984 as cited in Kinnaird et al., 2005) considered that the 
sulphides and associated mineralisation formed by in-situ contamination of the 
magma but Holwell et al. (2007) argue that on the basis of S isotopes and PGE tenors 
of BMS that the sulphur-saturated magma was from a deep staging chamber with 
PGE collection by sulphide melt. This has been confirmed by the finding of very high 
PGE concentration sulphide melt inclusions inside early chromite crystals in the 
Platreef (Holwell et al., 2011). Where country rock input has been strongest this has 
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diluted the metal tenors of the sulphides (Holwell et al., 2007; Hutchinson and 
McDonald, 2008).   
 
On the farm Turfspruit the westward dip of the Platreef flattens from ~40-60° at the 
surface to nearly subhorizontal. This well-layered and thick section of mineralisation 
has been termed the “Flatreef” (Grobler et al., 2018). Further west, the layering returns 
to a steep westward dip forming a basin structure. The Flatreef is characterized by 
less contamination than the near surface Platreef and major cyclic units can be 
recognized and correlated between boreholes (Grobler et al., 2018). The lowest parts 
of the Flatreef contain a ~1 m thick sulphide-rich chromitite that resembles a similar 
chromitite in the GNPA member (Van der Merwe, 2008; Smith et al., 2014) and has 
been correlated with the UG2 chromitite of the UCZ (Yudovskaya et al, 2017; Grobler 
et al., 2018). 
 
Since the discovery of the mineralisation in the 1920’s many authors believe that the 
Platreef and Flatreef may be the equivalent of or linked genetically to the Merensky 
Reef and the upper part of the UCZ in the western- and eastern limbs (Wagner, 1929; 
Naldrett, et al., 2008; 2009, Reisberg et al., 2011; Grobler et al. 2012; Nodder, 2014; 
Grobler et al., 2018). However, this is yet to be proven conclusively (see counter 
arguments McDonald et al., 2005; McDonald and Holwell, 2011) and will only be fully 
resolved by high precision dating of the Platreef. In particular the evidence for a 
stratigraphic break between intrusion of the Platreef and the northern limb MZ that is 
not evident between the UCZ and the MZ anywhere else in the Bushveld Complex 
(Holwell et al., 2005; Holwell and Jordaan, 2006; Armitage, 2011) and the presence 
of PGE mineralisation in the northern MZ. 
 
The Platreef is the third richest PGE deposit in the world with an average PGE grade 
of 4.121 g/t and is estimated to carry up to 16.3 Moz of Pt+Pd and significant Ni- and 
Cu reserves (Cawthorn, 1999; Naldrett et al., 2008; Naldrett, 2011). The Platreef is 
classified as an orthomagmatic sulphide association stratabound PGE deposit, found 
in the marginal series of a layered intrusion (Naldrett, 2011). PGE occurs in 
disseminated, poly-phase and fractionated base metal sulphides (po>pn>ccp) with 
PGE dominance of Pd>Pt>Ru>Rh>Ir>Os (Naldrett, 2011).  
 
PGE association and PGM mineralisation differs along strike of the Platreef, with a 
change in floor rock and within the reef itself (Hutchinson and Kinnaird, 2005; Holwell 
et al., 2005; Kinnaird et al., 2005; Holwell and McDonald, 2006; 2010; Maier et al., 
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2013; Yudovskaya et al., 2011). The distribution of PGM and PGE concentrations 
within the Platreef is irregular. Floor rocks are rich in PGE alloys whilst the upper 
pyroxenite is enriched in PGE alloy and sulphides. Serpentines tend to be associated 
with sperrylite (PtAs2). PGM mineralisation and distribution was strongly affected by 
hydrothermal fluids. In areas with more anhydrous bedrock, the effect of PGE 
remobilisation is less than is areas with dolomitic bedrock (Holwell et al., 2005; Holwell 
and Jordaan, 2006).  
 
4.2.3 The Main Zone 
 
The MZ of the northern limb differs in thickness, lithology and PGE enrichment from 
the western and eastern limbs (Van der Merwe, 1976; 1978). The MZ consists of a 
2200 m sequence of homogenous gabbro and gabbronorite±anorthosite. Van der 
Merwe (1978) divides the MZ into an upper and lower unit based on a change in 
dominant pyroxene; lower MZ orthopyroxene > clinopyroxene, whilst the reverse is 
true in the upper MZ. However, no other literature could be found to support this 
subdivision. For this study the TU will be the ‘divided’ between the MZ above and 
below it and discussed accordingly. The contacts between the TU and MZ, on either 
side, have not been clearly defined in the literature (see Van der Merwe, 1978; Knoper 
and Von Gruenewaldt, 1996; Ashwal et al., 2005). As will be discussed later, the 
boundary adopted in this study is placed at the first- (lower contact) and last (upper 
contact) appearance of olivine. The MZ-UZ boundary is placed by the first appearance 
of cumulate magnetite in line with previous studies.  
 
The Sr-isotope signatures, of the northern MZ, cannot be satisfactory explained by 
late-stage metasomatic processes, isotopic different residual magma interacting with 
the compacting crystal pile (Chutas et al., 2012), mantle-derived melts contaminated 
by the immediate country rock (TSG sediments and granite bedrock) of the Bushveld 
(Roelofse et al., 2015 and the references there-in) or from a mantle-derived magma 
contaminated by sub-continental lithospheric mantle (James et al., 2012 as cited in 
Roelofse et al., 2015). 
 
Most information on the MZ comes from two regional stratigraphic boreholes: 
Moordkopje (MO-1) that covers the ~1250 m of the lower MZ (Roelofse, 2010; 
Roelofse and Ashwal, 2012); and Bellevue (BV1) that covers the UZ and ~1400 m of 
upper MZ including some of the TU (Ashwal et al., 2005) (see Figure 4.5 and Table 
4.3). Like the BV1, the MO1 is the only single continuous source available that 
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intercepts most of the Lower MZ in the northern limb. The borehole has been studied 
in detail by Roelofse (2010) and Reolofse et al. (2012; 2015; 2016) (see Table 4.3), 
making it a valuable source for comparative studies on the stratigraphy of the northern 
limb. There is a gap estimated at 450-600 m between the top of the MO-1 and the 
bottom of the BV1 borehole (Trumbull et al., 2015) that includes the lower portion of 
the TU and the MZ rocks immediately below. 
 
 
Figure 4.5: Stratigraphy and schematic cross-section of the northern limb of the 
Bushveld Complex illustrating the stratigraphic gap between the BV1- and MO1 as well 
as the location of the Troctolite Unit (TU).  
 
The MZ in the eastern and western limbs is devoid of known PGE mineralisation (Van 
der Merwe, 1978; Maier et al., 2013). In contrast, the MZ of the northern limb contains 
PGE mineralisation along its entire length: in the far north (Waterberg deposit, 
Kinnaird et al., 2017; Huthmann et al., 2016; 2017, 2018); the northern sector (the 
Aurora Project, McDonald et al., 2017); the central sector (the TU, Cheshire, 2011; 
Davey, 2014); and in the southern sector (Moorddrift, Maier and Barnes, 2010; Holwell 
et al., 2013). As far known, PGE enrichment seems to be limited to the Upper MZ, 
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more than 1500-2000 m above the Platreef (calculated based the MO1 and BV1 
boreholes, see for example Ashwal et al., 2005), and hosted in less mafic lithologies.  
 
Table 4.3: Summary of data available on the various boreholes used in the study. Data 
was taken from Van der Merwe (1976, 1978), Knoper and Von Gruenewaldt (1996), 
Barnes et al. (2004), Ashwal et al. (2005), Cheshire (2011), Roelofse (2010), Roelofse and 
Ashwal (2012), Davey (2014) and Tanner et al. (2014). 
 BV1 VSF2 MO1 
Farm number 
and location 
Bellevue  
(808 LR) 
Vogelstruisfontein  
(765 LR) 
Moordkopje  
(813 LR) 
Elevation ~980 m ~1065 m ~1075 m 
Regional map 2328 Pietersburg 2328 Pietersburg 2328 Pietersburg 
Location of 
borehole 
NE section of the 
Bellevue farm 
Eastern border of the 
farm Vogelstruisfontein, 
west of the TU outcrop 
Eastern border of the 
farm Moordkopje 
Date drilled 1991 2010 1979-1980 
Company 
Council for Geoscience, 
South-Africa 
Frontier Resources (Pty) 
Ltd. 
Johannesburg 
Consolidated 
Investment  
Dip of lithology 17.5º 18-25º 
17.5º  
assumed from BV1 
Depth of hole ~2950 m ~268 m ~1565-72 m 
Stratigraphy  
Bushveld granite 
Upper Zone 
Main Zone 
Troctolite Unit 
Troctolite Unit 
MZ 
Platreef 
Bushveld granite 
Lithology and 
lithological log 
Knoper and Von 
Gruenewaldt (1996) 
Ashwal et al. (2005) 
Frontier Resources (Pty) 
Limited: Davey (2014) 
Johannesburg 
Consolidated 
Investment Limited: 
Roelofse (2010) 
Thickness: TU ~ 140 m (cal.) ~ 140 m (Davey, 2014) n/a 
Alteration 
intensity 
Unaltered. Slightly- 
moderately altered 
Moderate to highly Not specified in text 
Sampling 
spacing 
± every 10 m 
Ashwal et al. (2005) 
25 samples over 268 m 
Limited: Davey (2014) 
± every 9 m 
Roelofse (2010) 
Petrology Ashwal et al. (2005) Limited: Davey (2014) Roelofse (2010) 
Est. modal min 
abundance 
Ashwal et al. (2005) x Roelofse (2010) 
WDS-SEM Ashwal et al. (2005) x Roelofse (2010) 
Geochemistry  
ICP-OES  
ICP-MS (traces) 
x Limited: Davey (2014) x 
x Limited: Davey (2014) 
XRF data available 
x Limited: Davey (2014) 
Trace-elements  
LA-ICP-MS 
Tanner et al. (2014) x x 
BMS x x x 
PGE grade Barnes et al. (2004) 
Limited Bushveld 
Minerals, 2010-2011 
x 
PGM  x x x 
Isotopes:  
Sr, O, Pb-U 
Limited 
 Mangwegape et al. 
(2016) 
Limited: Davey (2014) Roelofse (2010) 
Mangwegape et al. 
(2016) 
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4.2.4.1 The Main Zone below the TU 
 
The >1300 m thick MZ below the TU consists of poorly layered sequences of 
gabbronorite and anorthosite, as represented in the Moordkopje MO1 borehole  
(Roelofse and Ahswal, 2012). Van der Merwe (1978) mapped four pyroxenite to 
melanorite bands > 300 m above the MZ-Platreef contact. The lower part of the MZ 
is suggested to have formed by repeated intrusions of crystal mushes and not as 
aphyric magmas (Roelofse and Ahswal, 2012). This is evident in lack of large scale 
differentiation in Mg# (pyroxene) and An# (plagioclase), poorly developed layering, 
non-cotectic proportions of pyroxene and plagioclase and decoupling of plagioclase-
pyroxene differentiation trends (Roelofse et al., 2012). 
 
The MZ below the TU has been proposed to have formed by mantle derived magmas 
that were pre-contaminated in a sub-compartmented staging chamber where they 
were mixed with or assimilated lower and upper crustal material (Roelofse and 
Ashwal, 2012). The magma pulses that fed into the MZ chamber were compositionally 
very similar (Roelofse et al., 2015). These crystal mushes ascended from various sub-
compartments, mixed and underwent further fractionation (Roelofse and Ashwal, 
2012; Roelofse et al., 2015). Roelofse and Ashwal (2012) argues that the complex 
Sr-isotopes signature of the MZ cannot be satisfied by contamination from the 
Bushveld’s immediate country rock (TSG sediments) and must have come from the 
upper and lower crust of the Kaapvaal craton. Geochemical studies showed potential 
contaminants to be similar to the Outer Granite Gneiss and the Inlandsee Leuco-
granofels as seen in the Vredefort Dome (Roelofse and Ashwal, 2012).  
 
4.2.4.2 The Troctolite Unit 
 
The TU is also referred to in the literature as Troctolite layers (Knoper and Von 
Gruenewaldt, 1996), Troctolitic Horizon (Ashwal et al., 2005) or the Troctolite Marker 
(Cheshire, 2011; Davey, 2014). In this study the olivine-rich cumulate will be referred 
to as the Troctolite Unit (TU). Although briefly described by Van der Merwe (1978), 
the TU remained unstudied until the early 1990’s when it was intercepted in the deep 
stratigraphic Bellevue (BV1) borehole (Knoper and Von Gruenewaldt, 1996) (see 
Figure 4.5 and 4.6). The TU is poorly described in literature. Available maps are based 
on original mapping by Van der Merwe (1976; 1978), limited geophysics (South 
African Council for Geoscience) and unpublished exploration reports. Prior to this 
study, lithological descriptions, mineral studies and trace-element analysis were 
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limited to a few samples collected from the BV1 borehole (Knoper and Von 
Gruenewaldt, 1996; Ashwal et al., 2005; Tanner et al., 2014). A summary on what is 
known and analytical work conducted on the TU is summarised in Table 4.4.  
 
Table 4.4: Summary of what is known on the TU. 
 Troctolite Unit Reference 
Also known as 
Troctolite Marker 
Norite-olivine cumulate 
Troctolitic Horizon  
Cheshire (2011); Davey (2014) 
Van der Merwe (1976;1978) 
Ashwal et al. (2005) 
Geological mapping 
Detailed mapping on the northern 
Bushveld including TU and UZ 
Van der Merwe (1976; 1978) 
Size and shape 
110-160 m thick 
No data on the morphology of the layer 
Van der Merwe (1976; 1978) 
Stratigraphy Middle Main Zone Van der Merwe (1976;78) 
Outcrop surface 
Central northern limb, 33 km along 
strike 
Van der Merwe (1976;78) 
Geophysics  
Troctolite Unit is masked by deep soil 
coverage. Regional aeromagnetic, 
radiometric and Landsat Data 
Council for GeoScience (2006) 
Forge PGE exploration project: 
2009-2011 
Geochemistry soil 
surveys 
PGE hotspots on the farm 
Vogelstruisfontein (765LR) 
Council for GeoScience (CGS): 
Regional geochemical mapping  
Boreholes 
BV1: 2850 m of UZ, MZ and TU 
Knoper and Von Gruenewaldt 
(1996), 
VSF2: 268 m of TU, possible MZ 
Forge PGE exploration project: 
2009-2011, Cheshire (2011) 
Lithology 
 
4x troctolite units topped by 
harz-troc-An  
Knoper and Von Gruenewaldt 
(1996) 
6 magma cycles of harz-troc-An  Cheshire (2011); Davey (2014) 
Mineralogy and 
petrology 
Critical Zone signatures Ashwal et al. (2005) 
Main Zone signatures Dave (2014)  
Sulphide mineralogy <5 modal%  sulphide minerals Davey (2014) 
PGE grade Average grade: <1 ppm Bushveld Minerals Ltd.  
Trace-element 
enrichment 
Cr at top of TU- possible new magma  Tanner et al. (2014) 
Source magmas B3 magmas (Main Zone) Davey (2014) 
Formation models 
1. Pyroxenite Marker  
2. Intrusive body or sill 
3. New magma influx 
4. Raft of Critical Zone  
5. A fragment of Platreef  
6. Unusual Main Zone 
7. Pre-contaminated magma 
Kruger (2005) 
Ashwal et al. (2005) 
Tanner et al. (2014) 
Ashwal et al. (2005) 
Roelofse and Ashwal (2012) 
Ashwal et al. (2005) 
Davey (2014) 
 
The TU is unique to the northern limb (Van der Merwe, 1976, 1978), and thus far only 
known to the central section of the limb. However, troctolites have been found 
elsewhere in the MZ of the Bushveld Complex. Localised, rare patches of troctolites 
with pegmatoidal affinities and variable Fo# (~Fo60) have been reported in 
subhorizons B and C, MZ of the eastern limb (Molyneux, 1974 and the references 
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therein). Troctolites are also found in the UZ of the eastern (Molyneux, 1974) and 
northern limbs (Nienaber-Roberts, 1986). 
 
The TU marks a reappearance of olivine-rich lithologies in the olivine-devoid 
pyroxene-plagioclase crystallisation sequence of the MZ (Figure 4.5 and 4.6). Van der 
Merwe (1976; 1978) mapped the TU as one continuous unit and described it as a 
noritic-troctolite zone that lies 1100 m stratigraphically above the Platreef. The TU is 
not uniform in outcrop thickness along strike with possible doubling of strata.   
 
 
Figure 4.6: The stratigraphy of the Troctolite Unit as seen in the BV1 and VSF2 borehole. 
Figure was adapted from literature descriptions and core logs of Knoper and Von 
Gruenewaldt (1996), Ashwal et al. (2005) and Davey (2014).  
 
The TU can be traced for roughly ~30 km along strike from the farm Vogelstruisfontein 
(765LR) in the north and disappears or trails off on the farm Rietfontein (270KR), just 
north of Turfspruit (maps by Van der Merwe, 1976; 1978). The mapped TU outcrop 
ends abruptly in the south in the MZ that might be due to faulting, insufficient mapping 
or transgression by the UZ. Given the limited work that has been carried out, whether 
the TU changes significantly laterally and along strike is yet to be determined. The 
northern contact lies directly in contact with the UZ in the north (Vogelstruisfontein 
765 LR) or northern transgression. This contact might be tectonic rather than 
magmatic, due to massive faults overprinting the area. The TU has not been noted in 
the MZ south of the Ysterberg-Planknek fault (Hulbert, 1983). 
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Knoper and Von Gruenewaldt (1996) divided the TU in the BV1 borehole into four 
distinct troctolitic layers, topped by anorthosite or gabbonorite, of variable thickness 
capped by a sequence of dunite-harzburgite-pyroxenite-troctolite-anorthosite (Figure 
4.6). They also reported various granitic dykes and veins cross-cutting lithologies. 
Knoper and Von Gruenewaldt (1996) placed the TU-MZ contact/ boundary at 2802 m 
at a sharp contact between anorthosite and gabbronorite. Why and how this contact 
was chosen is not clear. Geochemically a spike in Cr differentiates the upper most 
unit of the TU from the MZ in the BV1 (Tanner et al., 2014). A detailed petrological, 
mineralogical and textural study on the TU is yet to be undertaken. The studies by 
Ashwal et al. (2005) and Tanner et al. (2014) only covers the top 140 m of the TU and 
at a relatively low sampling density (one sample every 10-50 m).  
 
Geochemical soil sampling over the central part of the northern limb was carried out 
on a regional scale of 1 km intervals by the Council for Geoscience (2006) (CGS). 
The study highlighted Pt, Pd, Au, Cu, Ni soil anomalies in the TU and the MZ 
immediately above it. These targets were drilled by Bushveld Minerals Ltd. in 2011. 
One of the boreholes on the farm Vogelstruisfontein 765 LR, designated VSF2 
intersected the TU and assays established that parts of the TU carry PGE 
mineralisation (Cheshire, 2011; Davey, 2014). PGE mineralisation was reported to be 
limited to certain anorthosite, troctolite and harzburgite lithologies (Cheshire, 2011; 
Davey, 2014). Aside from the PGE data reported in Cheshire (2011) and Davey 
(2014) no data exists on the style and mode of PGE mineralisation in the TU and 
understanding these questions is one of the primary aims of this study.  
 
How and why the TU formed and lies at that specific depth in the MZ and how it fits 
within the greater Bushveld Complex formation is unknown. The genesis and time of 
emplacement of the TU is unclear (see Van der Merwe, 1978, 2008;  Ashwal et al., 
2005; Roelofse and Ashwal, 2012; Tanner et al., 2014). Several formation models 
have been proposed for the possible origin of the TU including: 1) a mineralogically 
unusual bit of MZ (Ashwal et al., 2005), 2) formed as a possible isolated intrusive body 
or sill that formed syn- or post- Bushveld (Ashwal et al., 2005), 3) a raft of CZ rocks 
suspended in the MZ  (Ashwal et al., 2005), 4) a fragment of Platreef rafted to higher 
stratigraphical level in the RLS (Roelofse and Ashwal, 2012), 5) the result of new 
magma influx into the main Bushveld chamber (Tanner et al., 2014), 6) the lateral 
equivalent of the PM of the western- and eastern limbs (Kruger, 2005) or 7) pre-
contaminated magma (Davey, 2014).  
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Rare earth patterns (REE) and incompatible trace element ratios suggest a MZ 
signature for the mafic units rather than the CZ origin proposed by Ashwal et al. 
(2005). Davey (2014) showed that the observed crystallisation sequence cannot be 
modelled using published MZ (B3) parental magma compositions compiled by Barnes 
and Maier (2010) alone, regardless of the pressure conditions used. Furthermore, 
Tanner et al. (2014) and Davey (2014) observed that the lower ultramafic units of the 
marker are unusually Cr-poor which precludes and origin via mixing with a new pulse 
of mafic magma. Instead, assimilation of a highly Mg-rich lithology such as dolomite 
has been suggested to shift the liquidus order to that observed. Davey (2014) 
suggested that the first stage of contamination occurred in a staging chamber, forming 
a Mg-rich but Cr-poor magma which crystallised olivine and injection of olivine-rich 
melt/mush into the MZ may have formed the TU, with olivine diffusion zones above 
and below into the 'typical' MZ gabbronorites. Trace element analyses in pyroxenite, 
through the upper portion of the TU and the overlying MZ and UZ, in the BV1 by 
Tanner et al. (2014) identified Cr-rich pyroxenes associated with a pyroxenite unit 
near the top of the TU. The Cr-rich anomaly might be indicative of a new pulse of 
ultramafic magma near the top of the TU.  
 
4.2.4.3 The Main Zone above the TU 
 
The sequence of rocks present in the BV1 borehole records ~1200 m of MZ 
gabbronorite, gabbro and anorthosite between the top of the TU and the boundary 
with the UZ. Inverted pigeonite replaces orthopyroxene as the main Ca-poor pyroxene 
about 800 m above the top of the TU.  
 
The Pyroxenite Marker (PM), as seen in the eastern and western limbs, is missing in 
the northern limb. Instead a four meter thick pyroxenite horizon lies ±390 m below the 
MZ - UZ boundary in the BV1 (Figure 4.5). This horizon is dominated by pigeonite not 
orthopyroxene as in the true PM. There is no record of any reversal back to 
orthopyroxene after pigeonite first becomes the dominant low-Ca pyroxene in the 
northern limb. A similar change is noted in the MZ south of the Ysterberg-Planknek 
fault but a distinctive pigeonite-rich unit has not been found (Hulbert, 1983). 
 
Harris et al. (2004) noted no change in bulk-rock δ18O isotope signature at the 
proposed PM level. However, their study found that the horizon was marked by a 
decrease in ∆plagioclase-pyroxene. This change might indicate new magma influx. However, 
within current error margins the change in oxygen isotope signature might be 
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coincidental with the change in mineralogy. Harris et al. (2004) speculates that the 
pigeonite horizon of the northern limb might represent a new magma influx. The new 
magma was emplaced into the cooler MZ cumulates and cooled relatively quickly, 
yielding finer grained rocks than the surrounding MZ and UZ (Ashwal et al., 2005). 
   
The MZ above the TU is hosts several unique Cu-Ni-PGE horizons along strike 
including Moorddrift (south of the Ysterberg-Planknek fault), the Aurora Project 
(northern sector) and the Waterberg Project (far northern sector, north of the 
Houtrivier Shear Zone) (Holwell et al., 2013; McDonald et al., 2017). Moorddrift is a 
suite of layered gabbronorite, mottled anorthosite and thin pyroxenites. PGE 
enrichment is restricted to a 10 m thick disrupted stratiform reef with hydrothermal 
overprint (Holwell et al., 2013) and mineralisation is not hosted in less mafic lithologies 
(Holwell et al., 2013). Maier and Barnes (2010) reports grades of up to 16 ppm 3E 
with 4-5 vol.% sulphides for Moorddrift but it is overall mostly low grade.  
 
The Aurora project is a potential shallow magmatic Ni-Cu-PGE (Au-rich) deposit that 
can be traced for >25 km along strike with possible extensions northwards linked to 
the Waterberg Project (see McDonald et al., 2017). Like other PGE-rich horizons in 
the MZ PGE mineralisation is associated with leucocratic lithologies (Harmer et al., 
2004 as cited in McDonald et al., 2017) and is reported to carry a possible resource 
of 125 Mt ore at grades of 1.34 g/t 3E (Pt+Pd+Au) (Venmyn-Rand, 2010, as cited in 
McDonald et al., 2017).  
 
The Waterberg Project Ni-Cu-PGE mafic-ultramafic succession is located ~20 km 
north of the surface outcrop of the main northern limb (Huthmann et al., 2016; 2018) 
and can be traced for 35 km along strike. Stratigraphically the Waterberg comprises 
of an ultramafic sequence, MZ and UZ suite (Huthmann et al., 2016). Lithologies are 
atypical to MZ found elsewhere in the complex with gabbronorite-troctolite-harzburgite 
(±pegmatoidal) and hosts two ‘reefs’ of ~3 to >50 m thick; the F-zone (lower) and T-
zone (upper) (Huthmann et al., 2016; Kinnaird et al., 2017). PGE enrichment is Pd-
dominant, can be linked to the presence of visible chalcopyrite-pentlandite and 
mineralisation associated with less mafic lithologies (Huthmann et al., 2016; Kinnaird 
et al., 2017). The Waterberg is reported to host an inferred mineral resource of 246 
million tonnes at grades of 3.25 g/t 3E with significant Ni and Cu (PTM Ltd. as reported 
by Huthmann et al., 2016).  
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The three units occurs at similar stratigraphic depth but if and how they are related 
remains unclear (see for example Holwell et al., 2013; McDonald et al., 2017, 
Huthmann et al., 2016, Kinnaird et al., 2017). Aurora is not the equivalent or extension 
of the Platreef (see for example Maier et al., 2008) or Moorddrift (Maier et al., 2008). 
Rather, it is more akin to the T-Zone of the Waterberg Project (see for example 
Huthmann et al., 2016; Kinnaird et al., 2017) in mineralogy, geochemistry and PGE 
enrichment (McDonald et al., 2010; 2017). 
 
4.2.4 The Upper Zone 
 
The UZ-MZ boundary is placed at the first appearance of cumulate magnetite (Knoper 
and Von Gruenewaldt, 1996; Barnes et al., 2004; Ashwal et al., 2005). This is the only 
workable boundary for the MZ-UZ transition in the northern limb because there is not 
the same shift to primitive Mg, Cr and Sr isotopes that defines the true PM. The UZ 
represents the influx of a new more primitive magma mixing with the resident MZ 
magma (Lorand et al., 2001).  
 
The UZ consists of alternating layers of gabbro, magnetite gabbro, anorthosite, 
magnetite and olivine diorite (Van der Merwe, 1976; Nienaber-Roberts, 1990; Ashwal 
et al., 2005). Barnes et al. (2004) identified 18 magnetite layers in the UZ of the BV1. 
The magnetite layers are rich in Vanadium-Titanium-Magnetite (VTM) mineralisation 
(Cheshire, 2011). The UZ is approximately 1190 m thick, less than in other parts of 
the Bushveld (Ashwal et al., 2005). The northern limb UZ correlates more closely in 
lithology with the UZ of the western- and eastern limbs (Van der Merwe, 1978). 
Sporadic PGE-Ni-Cu has been recorded in the UZ of the northern limb (Cheshire, 
2011). Barnes et al. (2004) reported a PGE enriched leuco-gabbro of 3g/t Pt+Pd in 
the BV1. Nevertheless, the UZ is overall highly depleted in PGE (Barnes et al., 2004).  
 
4.2.5 Xenoliths in the northern limb 
 
Van der Merwe (1978) reports a variety and abundance of xenoliths (dolomite, 
quartzite and hornfels) in the northern limb. The xenoliths are widespread, found 
throughout the northern limb stratigraphy (see Van der Merwe, 1978, Figure 73), not 
just in the Platreef (see for example Holwell and Jordaan, 2006), and can reach sizes 
of ~2 km (Van der Merwe, 1978). The majority of xenoliths are found between 23°55’ 
and 23°50’. Xenoliths are more abundant in the northern limb than elsewhere in the 
Bushveld Complex (Van der Merwe, 1978). 
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Chapter 5 
The lithology and petrology of the Troctolite 
Unit and Main Zone 
 
The TU and the olivine-free Main Zone (MZ) gabbronorites that occur below and 
above were first described from outcrop in 1976 by Van der Merwe (1976; 1978). 
Bulk rock major and trace element data were presented for two TU samples within a 
larger northern limb dataset. Since the mid 1990’s, most studies of the TU have 
focussed on the TU sequence intersected in the BV1 borehole (Knoper and Von 
Gruenewaldt, 1996; Ashwal et al., 2005; Tanner et al., 2014). However, the BV1 
borehole ends within the TU and does not cover the entire thickness or the lower 
contact. The VSF2 borehole, made available to this study by Bushveld Minerals Ltd, 
was originally considered to intersect the lower contact of the TU (Cheshire, 2011) 
with a gabbronorite footwall unit below the lowermost troctolite. 
 
During this study the TU was examined in detail, sampled and analysed using core 
from the VSF2 and BV1 boreholes and from surface samples collected during field 
work. MZ lithologies below the TU were determined from outcrop and MZ samples 
above the TU were collected from BV1. The revised lithology, petrology, texture and 
structure analysis of the TU and the MZ above and below are presented in this 
chapter. Materials and methods followed during fieldwork, logging and analysis are 
given in Appendix A. 
 
5.1 Field area description 
 
The study area and the VSF2 borehole is situated on the farm Vogelstruisfontein 
(765LR), roughly 60 km NNW of Mokopane close to the village of Molokong, 
Limpopo Province, South Africa (Figure 5.1). The fieldwork area was confined to 
farms where Bushveld Minerals Ltd. currently hold exploration rights. 
 
5.1.1 Geography 
 
The study area is a flat-lying lowland, apart for a few scattered hills in the 
Malokong’s Kop-Bakenberg area (Figure 5.1). Large faults form the landscape 
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features. The Borobela River is the main river in the area and roughly follows the 
large fault set that forms the northern boundary of the MZ with the UZ. The study 
area is devoid of immediate water features. 
 
 
Figure 5.1: Location of study area and geographical features of the area. The farm 
Vogelstruisfontein and the study area (block) is located roughly 60 km NW of 
Mokopane. Topographic map 2328BD-DD 1:50000 Malokong (National Geo-Spatial 
Information) adapted from Cheshire (2011). The red dots are the boreholes used in 
this study (BV1 and VSF2).  
 
The study area falls within the Bushveld biome of Southern Africa- a savanna 
bioregion (Rutherford et al., 2006) that is known for thorn- trees and bushes (acasia 
thornveld), naboom trees (Euphorbia- candelabrum and ingens) and tall grasses. 
The Bushveld experiences wide temperature fluctuations, with hot days (up to 30°C) 
and cold evenings (0-5°C) during winter months. In summer months daytime 
temperatures can reach more than 40°C, with an annual mean temperature of 20°C. 
Rainfall is limited to summer months.  The area receives an average monthly rainfall 
of 40 mm (Rutherford et al., 2006). The extreme difference between wet and dry 
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season causes the area to have a deep, fluctuating or migrating water table. 
Coupled with extremes between day and night temperatures it can produce deep 
weathering and thick soil cover. Human activity, homesteads, cultivation and cattle 
farming has been known in the area from the Iron Age. The study area falls within 
the larger historic Bakenberg and Makapans Valley World Heritage Site. 
 
5.1.2 Regional Geology of the study area 
 
The study area falls within the MZ in the central sector of the northern limb (see 
Chapter 4 literature review on the northern limb). The geology of the study area is 
known but not in detail (Figure 5.2). Apart from mapping done by Van der Merwe 
(1978), limited regional scale data from the Council for Geoscience (CGS) (including 
regional maps- 1: 250 000, geochemical soil surveys and geophysics) and published 
work carried out by exploration companies are available for the study area. 
 
Detailed lithological description based on surface mapping of the central MZ (in the 
northern limb) was done by Van der Merwe (1976; 1978). The UZ in this sector has 
been described by Nienaber-Roberts (1986) as recorded in the M4-, M5- and 
Elandsfontein (END12) boreholes. The lithology of the Upper MZ is known from the 
Bellevue (BV1) borehole (Knoper and Von Gruenewaldt, 1996; Ashwal et al., 2005) 
and the lower MZ from the Moordkopje (MO1) borehole (Roelofse, 2010; 2012). 
However, about 450 m of MZ lithology is missing between the BV1 and MO1 holes, 
including the lower part of the TU (Ashwal et al., 2005; Trumbull et al., 2015).  
 
In the immediate study area (Figure 5.2, 5.3) the expected geology is Lower MZ, 
Upper MZ, TU and UZ with felsic and basic dykes. However, the study area lies in 
the northern transgression of the northern limb; the UZ lies in contact with the lower 
MZ, TU and Upper MZ in places (Van der Merwe, 1976; 1978) (Figure 5.2). The 
contact is believed to be magmatic (Van der Merwe, 1978).  
 
Lithological units in the area strike roughly N-S and dips between 15-25°W. The 
Upper MZ dips between 18-22°W (average of 21°W, Cheshire, 2011), the TU dips 
25°W and the lower MZ 22°W. The UZ strikes NE-SW and dips 16° to the north-
west (Van der Merwe, 1978).  
 
Archaean granite, gneiss and schist with limited Transvaal Supergroup (TSG) 
sedimentary rocks form the bedrock in the immediate area. Later felsic and basic 
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dykes crosscuts the study area, exploiting the regional (NE-SW striking), semi-
regional and local (ENE-WSW to E-W striking) fault sets. Waterberg- and 
Quaternary sediments form younger cover in the area. The surface geology of the 
area as mapped by Van der Merwe (1978) is given in Figure 5.2.  
 
 
Figure 5.2: Original geological map of the Vogelstruisfontein study area by Van der 
Merwe (1978).  
 
5.1.2.1 The Main Zone below the TU 
 
Van der Merwe (1978; 2008) described the Lower MZ to consist of alternating layers 
of Mg-rich pyroxene (orthopyroxene) dominant norite-gabbronorite with four 
prominent mottled anorthosite and pyroxenitic layers that could be traced by 
regional mapping. In the Moordkopje (MO1) borehole, ~13.3 km south of VSF2, the 
lower MZ consists of ~1350 m of norite-gabbronorite-anorthosite (original log by 
Anglo Platinum, as cited in Roelofse, 2010). No significant base metal sulphide or 
PGE mineralisation of any kind has been noted in the Lower MZ.  
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The boundary between the lower- and upper MZ in placed at the change in 
dominant pyroxene; from Mg-rich (opx) pyroxene in the lower MZ to Ca-rich (cpx) 
pyroxene in the upper MZ (Van der Merwe, 1978). This change over in pyroxene is 
also reflected in a change in Sr-isotope signature (see Kruger, 2005; Roelofse and 
Ashwal, 2012).  
 
 
Figure 5.3: Geological map of the Malokong area. The study area (~1.5 km2) is situated 
on the farm Vogelstruisfontein (765 LR) and surrounding area. The Troctolite Unit (TU) 
(light purple) outcrops in the east of the farm as a low-lying hill, surrounded by Main 
Zone. The Troctolite Unit lies in contact with the Upper Zone in the north. The map 
was provided by Bushveld Minerals Ltd. (Cheshire, 2011). 
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5.1.2.2 The Troctolite Unit (TU) 
 
Cheshire (2011) reported the TU to be a distinct 200 m wide ridge marker horizon 
easily followed or picked-up in the field. The TU could apparently be followed from 
the farm Vogelstruisfontein (765 LR) towards the south on the farm Moordkopje (813 
LR). Cheshire (2011) does not indicate how the TU was mapped or provide any 
description on lithological contacts and boundaries with the MZ. No subdivision of 
the TU could be found in the available literature (Van der Merwe, 1978; Cheshire, 
2011). Available maps (Figure 5.3) indicate that the TU is not continuous and is 
faulted, displaced and overprinted by felsic and basic dykes. The surface outcrop 
width (and potentially unit thickness) of the TU seems to vary along strike. Contacts 
with overlying and underlying MZ gabbronorites are either unknown or poorly 
described. The top contact MZ-TU is present in the BV1 borehole but has not been 
systematically defined (Knoper and Von Gruenewaldt, 1996; Ashwal et al., 2005).  
 
The TU outcrop on the farm Vogelstruisfontein dips more steeply at 25°W than its 
immediate surrounding MZ lithologies at 14-22°W (Van der Merwe, 1978). However, 
from available maps it seems that the MZ in the northern transgression also dips 
roughly 25°W.  
 
5.1.2.3 The Main Zone above the TU 
 
The Upper MZ in the immediate study area is reported to consist of ~1200 m of 
repetitive layers of olivine-free gabbronorite-anorthosite. Pigeonite becomes the 
dominant low-Ca pyroxene in the uppermost 400 m of the sequence and pyroxene-
rich units, including a pigeonite-dominant pyroxenite occur here. This latter unit, 
known as the Pyroxenite Horizon, was tentatively correlated with the Pyroxenite 
Marker of the eastern and western Bushveld (Maier et al., 2001; Barnes et al., 2004) 
but it contains pigeonite rather than orthopyroxene (Ashwal et al., 2005; Tanner et 
al., 2014) and does not record pronounced the shift to less radiogenic initial 87Sr/86Sr 
ratios (Mangwegape et al., 2016) that characterise the true Pyroxenite Marker 
interval. The MZ strikes roughly N-S and dips 18-22°W in the immediate study area 
(Van Der Merwe, 1978, 2008; Cheshire, 2011).  
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5.1.2.4 The Upper Zone 
 
The immediate study area is devoid of UZ outcrop, apart from sporadic magnetite 
boulders and sub-outcrop, due to deep weathering and the shallow dip angle (< 
25°W) of the stratigraphy (Cheshire, 2011). In the study area the UZ lies in ‘contact’ 
with the TU. Van der Merwe (1978) described this contact, also referred to as the 
northern transgression, as magmatic. The UZ is well described in the field area from 
several boreholes north and south of the northern transgression (see Nienaber-
Roberts 1986 and unpublished explorations reports by Cheshire, 2011).  
 
In the BV1 borehole the UZ is distinguished from the MZ by a change in magnetic 
susceptibility linked to the presence of variable amounts of magnetite in gabbro, 
gabbronorite and anorthosite. The UZ in the BV1 hosts 18 magnetite layers (A-R 
magnetite). The magnetite seams fractionate upwards becoming less V-rich and 
more TiO2 enriched with height above the UZ-MZ boundary.  
 
5.1.3 Deformation and structures 
 
Structural interpretation was made from available maps (Van der Merwe, 1978; 
Council for Geoscience- 2328 Pietersburg; Cheshire, 2011) and literature describing 
the TU and surrounding rocks (Van der Merwe, 1978; Nienaber-Roberts, 1986; 
Cheshire, 2011). No literature could be found on the structure and deformation of 
the TU or structural interpretation of how it was emplaced.   
 
Van der Merwe (1978) and Cheshire (2011) identify two sets of major regional fault 
systems transecting the study area; striking NE-SW to NNE-SSW respectively. 
These sub-vertical fault zones have a right lateral horizontal sense of displacement. 
Displacement is estimated to be as much as 2600 m (Cheshire, 2011). Semi-
regional and local fault zones strike ENE-WSW to E-W. Displacement on these sub-
vertical faults zones are up to 1400 m with right and left lateral horizontal movement 
(Cheshire, 2011). The TU is thought to have experienced some degree of 
displacement in the study area and the adjacent areas (Cheshire, 2011).  
 
Maps by Van der Merwe (1978) do not indicated any basic or felsic intrusions 
(dykes) in the immediate study area. Updated maps by Cheshire (2011) (Figure 5.3) 
and unpublished maps from Bushveld Minerals Ltd. coupled with geophysical 
studies (reported by the Council for Geoscience) show the area to be overprinted by 
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large positive magnetic anomalies (east-west orientation) and later negative 
magnetic anomalies (NE-SW orientation) that correspond to post-Bushveld 
intrusions exploiting earlier generations of faults.  
 
5.2 Mapping and fieldwork 
 
5.2.1 Geography 
 
The study area around Vogelstruisfontein farm, Malokong- and Bakenberg villages 
lies 1400 m above sea level and is relatively flat apart from the prominent hills of 
Malokongskop (MZ) and Bakenberg (Bushveld granite) and the small hill occupied 
by the TU (Figure 5.1). The study area was devoid of outcrop with the TU hill and a 
MZ ridge forming the most prominent landscape features (Figure 5.4). Along strike 
(towards the south) the TU consist of scattered boulders and float. The immediate 
MZ east and west of the TU hill was devoid of outcrop and consisted of float, large 
boulders in places and a small ridge roughly ~500 m from the TU hill.  
 
The TU hill was densely overgrown with thorn-bushes and trees, wild fruit trees and 
Naboom trees (Euphorbia Ingens). The surrounding MZ was dominated by tall 
grasses, and smaller thorn trees and bushes. The thickness and richness of the 
vegetation increased towards the TU hill. The eastern side of the TU hill showed 
slight changes in vegetation from the western side. The vegetation change might be 
due to the TU cutting the water table or a faulted contact, to the east, bringing water 
closer to surface. The eastern side of the hill had kikuyu grass and more water 
intense vegetation like fruit trees and at times standing water, indicating a water 
source close to surface.  
 
Soil profiles and soil depth in the area changed with geology, slope and landscape 
features. Mixed red iron and magnesium-rich soils were characteristic off the UZ. 
The MZ was dominated by thin brown-yellow rocky soils. The TU was characterised 
by soils rich in magnetite. Parts of the study area were covered by younger deep 
black vertic clay soils. In the VSF2 core the vertic soils were 7-8 m thick with distinct 
carbonate (karst) regions denoting a fluctuating water table.  
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Figure 5.4 A and B: A: Troctolite Unit outcrop (hill) with Main Zone (flat, foreground), 
looking east, and perpendicular to strike. B: Looking north, along strike toward the 
Troctolite hill.  
 
5.2.2 Geology 
 
The TU outcrops as a small hill on the farm Vogelstruisfontein (765LR) and layering 
dips between 16-25°W. Towards the south outcrop disappears and changes to float 
and loose boulders. Mapping was focused on areas stratigraphically below the TU 
and at the lower contact of the TU with the MZ. The TU and MZ outcrops were 
isolated and hard to follow in the field and most contacts had to be inferred from 
float or changes in soil colour, or visible magnetite nodules weathered from olivine 
alteration in the TU. Mapped contacts were based on literature (Van der Merwe, 
1978) and subsequent observation of the TU in the BV1 borehole.  
 
The final map of the TU (Figure 5.5) was produced from a combination of fieldwork 
and mapping, as part of this study, as well as existing maps and figures (Van der 
Merwe, 1976; 1978; Cheshire, 2011), soil surveys (Council for Geoscience, South 
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Africa) and geophysical data from LandSat, aeromagnetic, radiometric surveys 
(Council for Geoscience as cited in Cheshire, 2011).  
 
  
Figure 5.5: Geological map with lithology, structures, Troctolite Unit outcrop and 
contacts with the Main Zone, mapped in the study area (Vogelstruisfontein 765LR, 
South Africa). The Troctolite Unit was mapped as a continuous sequence. The UZ-TU 
(MZ) boundary is associated with shearing and later intrusion/s along it. Cross-
section line A-B was taken roughly perpendicular to strike, see Figure 5.10.  
 
5.2.2.1 Main Zone stratigraphically below the Troctolite Unit 
 
The MZ below the TU lies towards the eastern side of the Troctolite Hill (Figure 5.5). 
Outcrop was scarce and observations were dominated by boulders and float (Figure 
5.6). Parts of the MZ were exposed as ridges and lines of large boulders. Where 
present, layering strikes N-S with dips between 17-22°W. The rocks here comprise 
of what appears to be several cycles of gabbronorite-anorthosite of variable 
thickness. These are consistently free of olivine and less altered than the TU rocks; 
~120 m (calculated as a vertical thickness) of MZ cumulates stratigraphically below 
the TU were identified from mapping. 
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The MZ-TU contact was not obvious during fieldwork. The area between the TU and 
the first MZ rocks in outcrop beneath it was poorly exposed; comprising an area 
~50-100 m wide containing troctolite-, magnetite and quartz float and boulders. The 
contact might be faulted. An estimated 100 m (vertical thickness) is missing between 
the end of the VSF2 borehole and the subsurface projection of the first MZ outcrop 
below the TU. 
 
 
Figure 5.6 A-C: A) Examples of Main Zone outcrop in the Vogelstruisfontein area. B) 
Evidence of slumping in the Main Zone and anorthosite vein/ layer. C) Cross-cutting 
veins and joints in GN of the Main Zone.  
 
5.2.2.2 The Troctolite Unit 
 
The TU outcrops as small hill (<200 m along strike) in the study area that peters out 
as large boulders and float along strike southwards. The TU dips 18-25°W, has 
undulating contacts in outcrop. Anorthosite seams and/or pods and zones of more 
olivine-rich rocks trapped in gabbronorite are both common features in outcrop 
(Figure 5.7 A, B and C).  
 
Lithological units within the TU outcrop, nor the contacts with the MZ, were 
distinguishable in the field and could not be mapped with confidence due to thick 
vegetation cover, intense weathering and a lack of outcrop. However, some 
anorthosite layers were distinguishable (resembling massive to fine grained layers 
or horizons relative to the surrounding coarser and more mafic rich lithologies) and 
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weathers proud. Some olivine-rich layers could also be picked-out by the negative 
weathering of the olivine (pitted effect: the more pitted the rock the higher the mafic 
mineral content and vice versa), giving a rough estimate of olivine content and 
relation to the location within the TU or MZ. This pitted/ weathering effect also 
magnified the irregular distribution and relationship of olivine-rich areas within a 
layer.   
 
 
Figure 5.7 A-F: Examples of TU lithologies and structures in outcrop and some of the 
range of troctolite and gabbro-norite in the field area. A) Example of pods and 
unregularly distribution/ occurrence of olivine-rich rocks in less olivine-rich 
lithologies; more olivine-rich lithologies have a pitted appearance. B) Undulating 
contact with regions of olivine-rich and poor rocks. C) Anorthosite layers or veins in a 
more olivine-rich unit. D) Boulders of banded and E) pegmatoidal troctolite in a river 
bed, outside the Vogelstruisfontein area. F) Felsic horizon in the TU, with similar 
strike / orientation (strike N/S) than TU, on the eastern side of the TU hill.  
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A range of troctolites and TU lithologies were identified from sub outcrop, float and 
stream sections including banded / layered ultra-mafic troctolites with anorthosite 
seams (Figure 5.7 D) and pegmatoidal ultra-mafic troctolites (Figure 5.7 E).  A felsic 
dyke (Figure 5.7 F and 5.8 D) with similar strike (N-S) to the TU but shallower dip 
(10°W) crosscuts the TU on the eastern side (stratigraphic lower part close to the 
TU-MZ contact). The felsic dyke was white, as opposed to pink or white like the 
Bushveld granites and composed of plagioclase>quartz±amphibole with Cu-
staining. The age relationship of the felsic dyke relative to the TU could not be 
determined from mapping alone. 
 
5.2.2.3 Main Zone stratigraphically above the Troctolite Unit 
 
MZ lithologies, stratigraphically above the TU, outcrop as cycles of gabbronorite-
anorthosite; anorthosites are especially well preserved in outcrop as prominent 
seams that can be followed for several tens of meters (Figure 5.3). The TU-MZ 
contacts could not be traced in the field. The contacts might be obscured by the 
shallow dip of the MZ and TU, intense weathering and deep soils, thick vegetation 
cover (vegetation density increased from the MZ towards the TU outcrop) and 
agricultural activity in the area. 
 
5.2.2.4 Upper Zone and magnetite seams 
 
Due to deep weathering and thick soil horizons the UZ is not exposed in the 
immediate study area. The TU has a faulted contact (possibly strike-slip) with the UZ 
in the north with a large UZ magnetite block of 50 m x 30 m (suggested to be the P-
magnetite seam, Cheshire, 2011) and magnetite float along the contact; no physical 
contact or interaction of TU and the magnetite seam was evident in outcrop. The 
magnetite seam has undergone moderate to high alteration and weathering and is 
faulted and jointed. The age/ relationship of the strike-slip fault to the northern 
transgression is not known and was not clear from field observations.  
 
5.2.2.5 Younger Intrusions 
 
Observations of the TU in the study area suggest it has been faulted and intruded by 
at least two generations of dykes (with repeated replenishment) and veins syn- and 
post TU formation. These dykes comprise of various felsic Bushveld granite dykes 
and younger basic dykes (Figure 5.8). Diabase- and felsic dykes were observed 
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intruded along fault planes and weak zones of first and second phase faults in the 
MZ and TU. Large granitic veins, pegmatite and quartz veins did not seem to follow 
any preferred orientation. The veins followed weak zones and fingered into the 
overlaying lithology via structural planes. Overall these late stage features followed 
an NNE-SSW orientation with a sub-vertical dip.  
 
There is evidence that a felsic emplacement event took place towards the end of the 
formation of the TU as several samples showed a mixing effect of the granite with 
the more mafic TU or MZ (Figure 5.8 C). Felsic features in contact with the TU 
(Figure 5.8 D) were white to light green and differed in mineralogy and composition 
in comparison to the red-pink Bushveld granitoids (Figure 5.8 A, B and C). See 
supplementary Appendixes for mineralogy, geochemistry and PGE enrichment of 
the felsic intrusions.  
 
 
Figure 5.8 A-D: Examples of the variety of felsic intrusions and Bushveld granitoids 
found in outcrop in immediate the study area. A) Coarse grained felsic intrusion 
(BK001-003). B) Fine grained granite vein, at least 2x intrusions (BK025).  C) Felsic 
intrusion interacts with Main Zone (BK071). D: White felsic feature cross cutting the 
TU (see Figure 5.7 F) with secondary Cu staining.  
 
5.2.2.6 Xenoliths in the Main Zone and TU 
 
Calc-silicates, cherty and other dolomitic-quartz fragments (Figure 5.9) were found 
as float in both the MZ (140-230 m below TU/ EOH in VSF2) stratigraphically below 
the TU, the TU float zone and the UZ-TU alteration/ shear zone. Xenoliths ranged in 
size (20 mm to >100 mm in diameter), shape (angular to well-rounded or spherical) 
and composition. Many display granoblastic and other textures indicating 
recrystallisation (Figure 5.9). Given the fact that the nearest calc-silicate and 
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hornfels rocks in the metamorphic aureole of the northern limb are located >10 km 
away from the study area, the fragments are interpreted as eroded parts of large 
calc-silicate and hornfels xenoliths/rafts within the MZ in the immediate vicinity; 
similar to the large examples of in-situ xenoliths mapped by Van der Merwe (1978) 
further to the east. Data on whole rock geochemistry, mineralogy and PGE 
enrichment of xenolith samples are provided in the supplementary Appendixes.  
 
 
Figure 5.9 A-D: Xenoliths picked-up in the field area in the TU float zone and Main 
Zone stratigraphically below the Troctolite Unit. A) Meta-sediment xenolith (BK004), B) 
Cherty-calc xenolith (BK024). C) Calc-silicate in Main Zone below the TU (BK030), D) 
Calc-silicate (BK036) in the Main Zone below the TU.  
 
5.2.3 Structural interpretation 
 
The study area has been subjected to at least two prominent deformation events.  
Faults associated with first phase deformation as an overall NE-SW (NNE-SSW) 
orientation whilst secondary faults are orientated E-W. Evidence of multiple 
deformation events are evident in outcrop as seen in the multiple generations of 
cross-cutting joints and veins (Figure 5.6 C). The veins had no preferred orientation. 
MZ lithologies were less altered than the TU and relatively fresh MZ samples could 
be obtained from outcrop. Schematic cross-section (Line A-B, Figure 5.5) was taken 
perpendicular to strike of the TU (Figure 5.10) to reconstruct the lithology and 
deformation seen in the area.  
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Figure 5.10: Schematic cross-section of the Troctolite Unit perpendicular to strike. 
Line A-B (see Figure 5.5) illustrates the change in lithology from Main Zone to 
Troctolite Unit (including TU float and inferred TU) to Main Zone. Colours and symbols 
are the same as Figure 5.5. 
 
5.2.4 Lithological log of the Main Zone below the TU 
 
A lithological log (Figure 5.11) of the MZ, below the TU, was compiled from mapping 
and sampling in the immediate study area. The mapped MZ lithologies consisted of 
>750 m (on surface) of cycles of gabbronorite-anorthosite crosscut by felsic and 
basic intrusions on surface. The thickness of the cycles could not be determined due 
to lack of outcrop in the field area.  
 
The MZ rocks have orthocumulate>mesocumulate textures with variable ratios of 
plag>cpx>opx forming the cumulate phases. Lithologies are gabbroic> 
gabbronorite>noritic. Grain size varies from medium grained (1-5 mm) to coarse 
grained (< 20 mm) with plagioclase forming the main cumulate phase and usually 
with larger crystals. MZ lithologies are visibly less altered than the TU with loss on 
ignition (LOI) values <1.5 wt.% (average). However, some MZ samples are more 
altered and showed evidence of clay alteration and serpentinitation.  
 
Plagioclase lacks zoning, but bent and kinked plagioclase crystals are common 
throughout. Clinopyroxene is the dominant pyroxene and has exsolution lamellae. 
Orthopyroxene forms the interstitial phase>cumulate phase and did not show the 
same intensity of exsolution as clinopyroxene. MZ samples analysed have sporadic 
BMS mineralisation of < 1 mm. The MZ lacks chromite mineralisation. Modal-, 
CIPWn, texture and mineralogy logs are provided in the supplementary Appendixes.   
 
The mapped surface geology relates to projected depths of 390-510 m in the VSF2 
borehole (Figure 5.11) covering >100 m of the estimated 450 m stratigraphic gap 
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between the bottom of the BV1 and the top of the MO1 boreholes (Trumbull et al., 
2015); a calculated lithological gap of <200 m is still missing between the last 
mapped sample from this study and the MO1 borehole. The mapped area falls 
stratigraphically within the upper MZ; the lower-upper MZ boundary/ contact was not 
picked up during mapping. Depth correction methods and calculations used to 
calculate the depth of field samples in the VSF2 borehole (and BV1) is given in 
Appendix B.   
 
5.3 Lithology, petrology and texture analysis of the 
TU in the VSF2 borehole and field data 
 
5.3.1 The VSF2 borehole 
 
Frontier Resources (Pty) Ltd., a subsidiary of Bushveld Minerals Ltd., obtained the 
mineral rights for the farms Vogelstruisfontein (765LR), Vliegekraal (783LR) and 
Vriesland (781LR) in 2009 to explore for possible PGE, Au, Co, Ni, Cr, Fe, V and Ti 
targets. The three-phase exploration project (August 2009 to November 2010) 
included soil and rock-chip sampling, mapping and 3329 m of drilling over 14 vertical 
boreholes (Cheshire, 2011). Boreholes were set out based on PGE and magnetic 
anomalies identified by regional soil geochemistry and geophysical surveys carried 
out by the Council for Geoscience. The VSF2 borehole (Table 5.1), that forms the 
basis of this study, was drilled in 2010 during this exploration phase.  VSF2 is the 
only available borehole, apart from the Bellevue (BV1) borehole, which intercepts 
the TU. The VSF2 core log and photos of core trays are provided in supplementary 
Appendixes 1 and 2.  
 
Table 5.1: Metadata for the VSF2 borehole.  
 VSF2 
Farm number and location Vogelstruisfontein (765 LR) 
Elevation ~1065 m 
Location of borehole 
Eastern border of the farm Vogelstruisfontein,  
west of the TU outcrop 
Dip of lithology 16-25 º 
Orientation and depth of hole Vertical (90°), ~268 m 
Calculated core-loss ~13 m 
Stratigraphy intercepted Troctolite Unit: TU1-TU4 
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5.3.2 Revised lithological log of the TU: VSF2 and field 
samples 
 
Cheshire (2011) defined a contact between the TU and the Lower MZ at a depth of 
247 m (where the last prominent troctolite occurs) and concluded that the lowermost 
21.5 m of the VSF2 core was formed of MZ gabbronorite. The results of this study 
show that VSF2 borehole consists entirely of TU lithologies as olivine is still present 
in variable amounts all the way to the bottom of the core (see VSF2 log and photos, 
supplementary Appendixes 1 and 2). Because of re-logging and more detailed 
examination, the TU and was divided into four major units (TU1-TU4) based on key 
texture and mineralogy changes (Figure 5.11). These are in stratigraphic order; a 
gabbroic transition zone (TU1), a replacement zone (TU2), massive troctolite 
sequence (TU3) and a troctolite-norite sequence (TU4). Each of the units consisted 
of similar lithological packages but with different textures or sequences of lithologies. 
These are described in detail below. 
 
There was a lack of ‘conventional’ harzburgite-troctolite-anorthosite sequences that 
might be taken to represent progressive fractionation. While some horizons display 
transitions from more mafic to less mafic lithologies in others the trend is reversed 
(from less mafic to more mafic lithologies). In other places, rapidly changing 
intercalations of more mafic lithologies in less mafic units and vice versa are 
developed. Each of the four major units has been named for its dominant lithology or 
feature. Units are characterised by irregular thicknesses and mixtures of lithologies. 
Contacts between the units and layers were overall gradational with limited sharp or 
reaction contacts. Hydrothermal alteration sometimes obscured contacts and 
interaction between units.  
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Figure 5.11: Simplified lithological log of the Troctolite Unit and Main Zone as seen in the VSF2 borehole and Main Zone field samples.  
73 
 
5.3.2.1 The transition zone (268.51 m - 246.82 m) (21.69 m): TU1  
 
The bottom of the VSF2 core is characterised by a transition zone (TU1) of olivine-
rich (darker) and olivine poor (lighter) gabbros and gabbronorites (Figure 5.12 A-D). 
Orthopyroxene is generally subordinate to clinopyroxene in these rocks. The 
transition to olivine-free MZ presumably lies below this level, in the missing 
stratigraphic region between EOH and the first MZ field samples. The olivine-rich 
zones are unevenly spaced and of irregular size (<50 mm - >1 m) and shape 
(appearing as layers or pods). Contacts are gradual and lack sharp, thermal or 
reaction type boundaries (Figure 5.12 A-D).  Olivine-rich and poor lithologies have 
similar grain sizes (see Figure 5.11 and Figure 6.3) but different textures in hand 
sample and thin section (Figure 5.16 B).  
 
Textures also change with depth, grading from a spotted appearance at the base to 
coarser medium grained cumulate type textures upwards towards the contact with 
the overlying subunit. In thin section olivine is consistently an interstitial phase and 
changes between olivine-rich and olivine-poor gabbro/gabbronorite were gradual; 
lacking sharp, thermal or reaction type contacts (Figure 5.12 D and 5.13 B). The 
TU1 transition zone is the most competent part of the VSF2 core with limited 
secondary structures.  
 
5.3.2.2 The replacement horizon (246.82 m–221.70 m) (~25.12 m): TU2  
 
The replacement horizon (TU2) consists of four subunits. From bottom to top these 
are: TU2a noritic-troctolitic replacement zone (11.99 m); TU2b pegmatoidal zone 
(3.86 m); TU2c - felsic replacement zone (2.03 m); and TU2d foliated troctolite-
anorthosite unit (7.37 m). TU2 is petrographically the most diverse of the major units 
and is coarse to very coarse grained with some pegmatoidal portions. In the mafic 
rocks, orthopyroxene generally dominates over clinopyroxene and grain size 
changes are sporadic and lack any type of grading. Textures within TU2 are variable 
and unsystematic, ranging from nodular-amoeboid to pegmatitic and massive to 
mymirkitic-replacement to cumulate-banded with rapid changes between mafic and 
less mafic lithologies. The rocks within TU2 are competent with minimum structures 
(open joints and veins) and core breaks. However, alteration is widespread and 
sometimes obscured identification of primary mineralogy in core and thin section. 
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Figure 5.12 A-E: Examples of rock types found in the Transition zone (TU1). A and B) 
core boxes showing irregular distribution of olivine-rich and poor lithologies from 
247-268 m. C, D and E) Zoom of ‘contact’ or transition between olivine rich and poor 
gabbro. See Supplementary Appendix 2 for high resolution images of VSFs core trays.  
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Figure 5.13 A-H: Examples of the range of lithologies found in the Troctolite Unit and 
Main Zone below. A) Typical GN of the Main Zone below the TU. B) Olivine-rich and 
poor gabbro of the transition zone (TU1). C) The felsic replacement horizon of TU2. D) 
Typical troctolite with interstitial olivine, plagioclase inclusions and pyroxene mottles 
(TU3). E) Troctolite with pods/ zones of biotite-plagioclase-amphibole-quartz-apatite 
(TU3). F) Cr-rich pyroxenite of the TU4. G) Mottled An-GN marking the contact 
between TU4a and TU4b. H) Olivine-rich GN reappears in TU4b.  
 
The TU2a subzone (246.82-234.83 m) is dominated by medium-coarse grained 
norite (Figure 5.14 C) with fewer olivine-rich and anorthositic lithologies and displays 
reaction and alteration textures not seen elsewhere in the core. TU2a contains a 
calc-silicate xenolith (<50 mm thick) with a reaction contact with the surrounding 
gabbronorite (Figure 5.14 A). A change in grain size, texture and an increase in 
olivine is taken as the boundary between TU2a and TU2b. The 3.9 m thick pegmatite 
zone of TU2b consists of thin interchanging unregulated layers of mafic and 
ultramafic rocks (< 100 mm thick) with mostly sharp contacts, see Figure 5.14B.  
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Figure 5.14 A-G: The replacement horizon (TU2). A) Core trays 220-237 m showing 
change in lithology and textures in TU2. B) Calc-silicate xenolith with reaction zone in 
the bottom of TU2 (245.82 m). C) Example of replacement texture at the lower part of 
TU2 (240.57 m), see Figure 6.35 for element map and micrographs. D) Reaction / 
replacement zone between felsic feature and the foliated replacement zone. Note 
visible BMS and oxides (230.65 m), see also Figure 6.28 for micrographs and element 
map of sample. E) Foliated replacement or reaction zone of the felsic feature with 
visible BMS and oxide minerals (230.24 m). F) Recrystallized massive ilmenite in the 
centre of the felsic layer (229.03 m). G) Striped troctolite above the felsic unit.  
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Grain size varies between coarse and very coarse, irrelevant of lithology, with both 
pegmatoidal and cumulate type textures evident. The sequence from bottom to the 
top of TU2b is: harzburgite-pyroxenite-anorthosite-harzburgite-anorthosite and a 
reaction zone with thin repetitions of anorthositic-pyroxenitic layers. A continuous 
complex zone of coarse grained lithologies with visible sulphide mineralisation but 
lacking clear boundaries separates TU2b from the felsic replacement subunit TU2c 
above (Figure 5.14 D-F).  
 
The prominent felsic unit of TU2c is composed of Na-rich plagioclase, quartz, 
amphibole and ilmenite with hydrous minerals (micas and apatite) and alkali-
feldspar (Figure 5.14 F and Figure 5.13 C), TU2c displays a variety of textures and 
crystal sizes (fine to very coarse) with replenishment, myrmikitic and recrystallisation 
features. Complex interaction zones (100-300 mm wide) separate TU2c from the 
subunits above and below (Figure 5.14 B).  
 
Subunit TU2d (228.94 m – 221.57 m) is composed of banded and vary textured 
olivine-gabbronorite, troctolite and anorthosite that is very similar to the massive 
troctolite sequences of unit TU3 above. However, the anorthosite at the top of TU2d 
is not mottled, contains visible sulphide mineralisation and forms a sharp contact 
with a serpentinized harzburgite at the base of TU3.  
 
5.3.2.3 The massive troctolite sequence (221.57 - 88.20 m) (~133 m): TU3  
 
The massive troctolite sequence (TU3) comprises almost 50% of the TU expressed 
in VSF2. It can be internally subdivided into four successive subunits (TU3a to TU3d) 
composed of olivine melagabbronorite (reaching harzburgite in places), troctolite 
(Figure 5.13 D) and anorthosite. However, not all subunits followed this pattern and 
some components may be missing; either the more mafic harzburgite/olivine 
melagabbronorite or anorthosite.  Internal contacts between layers and subunits are 
grading and difficult to distinguish. The four TU3 subunits display distinctive mixtures 
of textures of ‘cumulate’, (pseudo) foliated to mottled; mottled textures are 
characteristic of the TU3 (see Figure 5.15 A). Orthopyroxene dominates over 
clinopyroxene throughout. 
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Figure 5.15 A-G: Massive troctolite sequence (TU3). A) Core stray with different 
varieties of troctolite and mottled textures / fabric (151-167 m). B) Biotite-rich troctolite 
in TU3b (160.26 m). C) Striped/ banded or compacted troctolite in TU3c (142.00 m). D) 
Typical mottled troctolite characteristic of the massive troctolite sequence (120.35 m). 
E) Calc-silicate xenolith with reaction zone in the middle of the TU3 around ~120 m. F) 
bottom contact of mottled olivine-norite (troctolite) and troctolite pegmatoid (90.85 m), 
G) Pegmatoidal or very coarse textured troctolite at 90.50 m in TU3d, ~>2 m below the 
TU3-TU4 contact.  
 
From the bottom to the top the sequences are: TU3a (221.57-205.51 m) composes 
of serpentinised poikilitic harzburgite-pyroxenite, foliated olivine-melagabbronorite, 
massive troctolite and mottled anorthosite; TU3b (205.51-142.82 m) comprises of 
serpentinised peridotite overlain by a zone of interchanging olivine melagabbro- 
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norite-gabbronorite-norite-troctolite (with coarse interstitial biotite forming pegmatitic 
lenses/ pods; Figures 5.15 B and E and Figure 5.28 G) with an upper mottled 
anorthosite; TU3c (142.82-120.13 m) comprise of massive olivine-melagabbronorite 
grading into mottled troctolite (Figure 5.15 D and Figure 5.16 A and B) with an upper 
mottled anorthosite; and TU3d (120.13-88.20 m) comprising olivine-melagabbro- 
norite overlain by massive troctolite with anorthosite intercalations and a calc-silicate 
xenolith (Figure 5.15 E) with prominent reaction rims.  
 
 
Figure 5.16 A-B: Micrographs and element maps of the TU3 illustrating: A) the mottled 
and typical nature of troctolite in the TU (FT1091, 185.64 m, similar to Figure 5.14 D), 
B) ‘striped’ troctolite (FT1046, 113.89 m) similar to Figure 5.15 C. See Appendix 10 for 
enlarged element maps.  
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Anorthosites in the TU3 unit are always vary textured and mottled with pyroxene or 
olivine or both. Mottles are not uniform in size, could be present or absent without 
obvious systematic control and not limited to the top of each unit.  
 
Moreover, some of the troctolite and olivine-gabbronorite layers are also mottled and 
mottling was a prominent feature of TU3 (see for example element maps Figure 
5.16 A and B); different types and composition of mottles were identified in thin-
section. More troctolitic/ olivine-gabbronorite layers have cumulate textures but 
olivine is rarely cumulus (e.g. Figure 5.15 C, E and F and 5.19 D), and its size, 
shape and distribution vary within individual lithologies (e.g. Figure 5.15 F). TU3 is 
the only unit separated from surrounding units by sharp undulating contacts. The 
competency of the core varies in the TU3. However, what was most striking feature 
is that the more mafic lithologies are more structurally altered and serpentinised.  
 
5.3.2.4 The norite-troctolite sequence (88.20 m- start of hole): TU4  
 
The norite-troctolite sequence (TU4) consists of two subunits: TU4a comprising a 
5.7m thick lower sequence of medium to coarse grained harzburgite-pyroxenite-
troctolite-anorthosite (Figures 5.17); overlain by TU4b an 80 m thick sequence of 
norite with minor troctolite. The subunits are separated by a reaction or grading type 
contact between mottled anorthosite and olivine norite. Orthopyroxene dominates 
over clinopyroxene and olivine in TU4. 
 
TU4a most closely represents a ‘cyclic’ unit with gradual mineral and texture 
changes from harzburgite-troctolite-anorthosite. Layers are separated by grading 
contacts and a reaction undulating contact marks the boundary with the underlying 
TU3d unit (see Figure 5.18 A). The basal harzburgite-pyroxenite appears disrupted 
and irregular as if it is sagging into the troctolite below (Figure 5.18 A).  
 
A mottled anorthosite denotes the changeover between TU4a to TU4b (Figure 5.17 
B, 5.18 B). The TU4b subunit comprises of medium to coarse grained leuconorite, 
troctolite and gabbronorite without anorthosite (Figure 5.17 C). TU4b is dominated 
by norite with irregular distribution and size of olivine and pyroxene crystals in hand 
sample. Olivine-rich lithologies reappears in the TU4b, after ~30 m absence. The 
olivine-rich layers are strikingly similar to TU3 with large agglomerations of olivine 
with inclusions and mottles (Figure 5.17 D). The reoccurrence of olivine rich 
lithologies is a primary feature and not due to faulting. 
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Figure 5.17 A-D: Examples of TU4 lithologies. A) Core tray, TU4a with TU3-TU4 
contact. B) Olivine reappears above the ‘TU-Main Zone’ boundary. C) Olivine-
gabbronorite and the mottled anorthosite (82.54 m) that marks the contact between 
TU4a-b. D) Olivine-gabbronorite (or pyroxene rich troctolite) reappears at 55 m; it is 
indistinguishable from olivine-gabbronorite found lower down in TU3.  
 
Contacts are gradational with the change in lithology denoted by pyroxene content 
and type. The upper 40 m of the core is highly altered and fractured with cross-
cutting veins (serpentinite and calcite), joints (open and closed) and broken core 
(Figure 5.19 F). Two calcrete horizons denote fluctuations in water table between 
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summer and winter months with intervening layers overprinted, leached (bleached) 
and oxidised by meteoric fluids. Despite the TU4b lithologies containing less olivine 
than the sequence below, rocks at the top of the VSF2 borehole still contains olivine. 
These altered lithologies contain low temperature alteration products of olivine and 
orthopyroxene such as pinkish orange clinochlore (clay mineral) with amphibole and 
quartz. The transition to olivine-free norite and gabbronorite known from field 
mapping and the BV1 borehole was not observed. 
 
 
Figure 5.18 A and B: Micrographs and element map of the: A) TU3-TU4 contact (JD03, 
88.20m) olivine-norite – harzburgite and B) TU4a-b contact (FT1030, 82.54 m), mottled 
anorthosite. See Supplementary Appendix 10 for enlarged element maps. 
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5.3.3 Deformation, structures and alteration 
 
The TU in the VSF2 borehole is altered and overprinted by structural features 
(Figure 5.19). Alteration is more pronounced in the more mafic lithologies.  
Pyroxenites and peridotites are green black in core samples from serpentinisation 
and anorthosites also appear white as opposed to translucent grey because of clay 
alteration (see for example Figure 5.19 E). Several generations of veins (calcite and 
serpentinite), joints (open and closed with serpentinite slickensides) and faults 
crosscut the TU with fluid migration and alteration evident around joints and veins 
(Figure 5.19 A-G). The calcite and serpentinite veins vary in alteration intensity and 
were not crosscut by later veins or joints. Subunits differed in competency, alteration 
and structure intensity.  
 
 
Figure 5.19 A-G: Structures, alteration and weathering in the VSF2 core. A) Secondary 
calcite veins and open joints. B) Secondary serpentinised veins from an open joint 
with slickensides. C) Intense fluid movement and alteration of calcite and amphibole. 
D) Open joints with infill and slickensides, E and F) examples of shearing in the VSF2, 
with secondary infill. G) Intense weathering and alteration of the first 40 m of VSF2.  
84 
 
LOI was used as proxy for alteration index to show how alteration varies between 
subunits and rock type (Figure 5.11).  Average LOI for the TU was <3.9 % (range: 
0.5 – 15 %). Alteration was most prominent in more mafic lithologies. MZ samples 
were the least altered with LOI <1.5 % (range: 0.4- 4.0 %, Figure 5.11). The sense 
of movement on the structures nor the relative timing of the structures could be 
determined during logging. 
 
5.3.4 Petrology and texture analysis 
 
5.3.4.1 Rock type classification and abundance of minerals and mineral 
proportions 
 
Rock types of the TU and MZ were classified and cross-checked using a 
combination of methods. Modal mineral abundances visually estimated in core was 
cross-checked in thin sections and calculated using CIPW norms (see 
supplementary Appendixes 3).  However, rock type classification was complicated 
by mineral abundance and proportions and texture associations. The abundance of 
minerals relative to each other do not resemble conventional orthomagmatic 
cumulates; the main framework minerals do not visually look like they are in cotectic 
proportions. Normative mineralogy and modal estimates with thin sections show that 
a majority of the TU rocks are more pyroxene-rich (especially troctolite and 
anorthosite) and some of the ultramafic lithologies contained higher modal 
percentages of plagioclase than allowed under standard classifications (<10%). TU 
rock types were reclassified, based on Streckeisen (1976) classification, as olivine 
gabbronorite (or olivine norite) or olivine-melagabbronorite rather than troctolite, 
pyroxenite or harzburgite to compensate for the abundance of additional olivine, 
pyroxene or plagioclase. The ‘excess’ pyroxene is expressed as different types and 
possible different generations of mottles, coronas / or rims around olivine, ‘pods’ of 
norite and replacement textures.  
 
Rock types were also classified based on texture associations of the main minerals. 
Textures of the TU rocks did not resemble ‘orthomagmatic cumulate textures’ and 
phase associations. Bulk rock geochemistry and modal mineralogy of the TU rocks 
cannot be interpreted without textural context. Using CIPWnorm and modal 
abundance these rocks might be interchanged based purely on the bulk chemistry of 
the rock or of the relative proportions of minerals to each other.  
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Figure 5.20 A-C: Classification diagrams of Troctolite Unit (TU) lithologies in the VSF2- 
(n=115) and Main Zone field (n=25) samples based on CIPWn (wt.%) calculations. A) 
Gabbronorite. B) Troctolite lithologies, and C) Ultra-mafic lithologies. 
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Troctolitic lithologies (see for example Figure 5.13 D) cannot be classified texturally 
as troctolite seeing that olivine forms the interstitial phase and not a primary 
cumulate phase. The rock must therefore be re-classified as either olivine-rich 
anorthosite or norite/gabbro/ gabbronorite depending on the other mineral 
percentages and associations. Subsequent petrographic and geochemical work 
reveals that units originally logged as serpentinsed dunite/ harzburgite have 
considerable pyroxene and/ or plagioclase content and should be reclassified as 
harzburgite or melano-gabbronorite rather than dunite or harzburgite based on bulk 
chemistry (Figure 5.20).   
 
In order to ensure consistency between MZ and TU samples and remain 
comparative to other studies on the MZ (see for example Barnes et al., 2004; 2010; 
Roelofse et al., 2010) all rock classifications in this study were based on the bulk-
rock chemistry (CIPWnorm, wt.%) of the rocks and classified according to 
Streckeisen (1976) classification. The comparative logs of the modal mineralogy and 
CIPWnorm are provided in the supplementary Appendixes.  
 
5.3.4.2 Abundance of rock types 
 
The MZ (from field samples) consisted of norite, gabbronorite, gabbro and 
anorthosite with clinopyroxene>orthopyroxene (see for example Figure 5.13 A). The 
relative percentage of these could not be determined. Non-olivine TU lithologies are 
similar to MZ lithologies, based on bulk-rock geochemistry (Figure 5.20), and plotted 
within the leuco- to mesogabbronorite fields. TU lithologies range from plagioclase 
dominant (pure anorthosite) to olivine dominant (peridotite). Dominant rock type 
differs between subunits and changes (bottom to top) from gabbroic to troctolitic to 
noritic; TU1 (gabbroic), TU2 (noritic), TU3 (troctolitic and olivine-gabbronorite) and 
TU4 (noritic). Clinopyroxene is dominant in TU1 whereas orthopyroxene dominates 
in the stratigraphically younger units; a relationship that is the opposite of the 
conventional MZ crystallisation sequence.  
 
The ratio of rock types (based on CIPWnorm classification) in the TU relative to 
each other varies between subunits (Figure 5.20). Troctolite is restricted to parts of 
the massive troctolite sequence (TU3), top unit of TU2 and troctolitic units that 
reappear in the generally noritic TU4. The TU is overall more (olivine)-gabbronorite 
dominant than troctolitic and strictly it is only the centre of the TU that hosts 
abundant troctolite. Overall orthopyroxene dominates over clinopyroxene, except in 
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TU1. Ultramafic lithologies are scarce and make up <10% of the total thickness of 
the TU expressed in VSF2.  
 
5.3.4.3 Rock textures 
 
The TU has a variety and distinctly unique textures. Grain size within the TU varies 
between fine (<1 mm) to very coarse (> 5 mm) to pegmatoidal in places (> 20 mm).  
Grain size and textures varies within a single sample, layer or subunit. Overall grain 
size does not show any pattern or associations with lithology or with stratigraphic 
height; there is no evidence of inward or upwards fining or coarsening of grain size. 
Mineral grain shape and morphology is unique to each mineral. However, reworking 
or alteration in a certain area overprints entire lithologies, with evidence or more 
than one event and different generations of the same mineral.  
 
The observed textures are not that of the original rock, when it first formed, but that 
of the rock after it recrystallized and substantially cooled. This is evident in the 
variety of secondary textures and minerals seen throughout the TU. The most 
prominent features include pyroxene mottles, reaction and replacement textures, 
symplectite, mature plagioclase textures with zoning, triple points and well-rounded 
crystals and interstitial olivine (Figure 5.21).   
 
The most striking feature of the TU is the abundance of pyroxene and mottles/ 
mottled lithologies. The pyroxene content is > 5-10% that is expected in these types 
of rocks. Mottles are restricted to the TU3>TU4, irregularly distributed and is most 
commonly found in anorthosite<troctolite/olivine-grabbronorite<gabbronorite. In core 
samples potentially different types of mottles are distinguishable (see Figure 5.21 
and Section 6.1.3):  
1) Large phenocryst-like mottles with or without inclusions of plagioclase and/or 
olivine and pyroxene. These features look like lenses of norite in the host 
rock (Figure 5.28 E and F).  The mottles range between <10 mm up to and 
>30 mm (large mottles are more pronounced in the BV1). However, these 
can also be found as thin ‘layers’ of pyroxene (Figure 5.21 G) or ‘poikilitic 
domains’ of pyroxene with smaller inclusions (Figure 5.21 C and I).  
2) Small interstitial mottles (<2 mm in size) that form bigger networks or 
‘patches’ of networks (i.e. big mottle that consists of several smaller mottles). 
The smaller mottles is a single phase or a mixture of clinopyroxene> 
orthopyroxene. In core these look like ‘grey-green patches’ in anorthosite 
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and troctolitic lithologies, see Figure 5.15 A, D, Figure 5.18 B and Figure 
5.21 A, B and H. 
 
 
Figure 5.21 A-J: Examples of the textures found throughout the Troctolite Unit.  A-D) 
Examples of the different type of mottles in the VSF2; mottles are restricted to 
anorthosite and troctolitic / olivine-gabbronorite lithologies, E-F) Replacement and 
reaction textures with secondary features such as amphibole, ilmenite and zoned 
plagioclase (TU2), G) Massive pyroxene mottle (possible trapped melt?) or thin 
pyroxenite layer (TU2), H) Symplectite on the edges of olivine in mottled troctolite / 
olivine-gabbronorite (TU3), I) Rounded nature of plagioclase (TU4) and J) Interstitial 
olivine with inclusions (TU4).  
 
89 
 
Some textures are strongly associated with certain subunits like TU2. Reaction and 
replacement textures are confined to the TU2 subunit and these features are most 
intense around (above and below) the felsic replacement feature. However, some 
textures like mottles and interstitial olivine are a common feature throughout the TU. 
Textures change on a millimetre to meter scale, are highly irregular and often 
without any regulated or repeated pattern or association. Micro textures are 
discussed in Chapter 6. 
 
5.3.4.3.1 Plagioclase 
 
Plagioclase forms the cumulate (framework) mineral phase in the TU and the MZ 
and is only rarely developed as an interstitial phase. Plagioclase also occurs as 
small inclusions in olivine and pyroxene (Figure 5.21 J). Plagioclase grain size, 
variety and shape, is sometimes difficult to distinguish in hand sample due to 
alteration intensity. In thin section plagioclase has a variety of crystal shapes 
(tabular to well rounded) and size (<1 mm to >5 mm), scattered crystals with zoning 
(normal and patchy) and deformation features (kinking and bend crystals) (see 
Figure 5.21 C-I). Plagioclase occurs as a variety of crystal shapes and sizes within a 
single sample and over the TU. Plagioclase has mature textures with triple points 
and embayed contacts with olivine and pyroxene.  
 
5.3.4.3.2 Pyroxenes 
 
Pyroxenes occur as the cumulate (framework, oikolitic phase and very rarely as 
chadacryst) or interstitial phase (Figure 5.21 A-I). Interstitial pyroxene (ortho- or 
clinopyroxene) is found throughout the TU and is not restricted to rock type or depth. 
Several types and/or generations of pyroxenes could be identified based on the 
alteration intensity of the pyroxene relative to the surrounding phases or host. 
Pyroxene grain size varies and range from very fine grained (< 1 mm) to very course 
grained (>5 mm) to massive or pegmatoidal in places. Morphologically it occurs as 
rounded to euhedral to more amoeboid interstitial phases.  
 
5.3.4.3.3 Olivine  
 
Olivine is found as the interstitial phase (Figure 5.21 B and J) > chadacryst (and/or 
inclusion) > cumulate in the TU. It has amoeboid morphologies and embayed 
contacts with surrounding minerals. Olivine ranges in size between fine to very 
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coarse (<1 mm- >8 mm) to pegmatoidal (>20 mm) in areas. Olivine occurs as a 
range of grain sizes in a single sample and does not show any upward or inwards 
fining or coarsening trend with depth. Interstitial olivine sometimes hosts small 
plagioclase inclusions (Figure 5.21 J).  
 
5.3.4.2.4 Spinel 
 
The dominant spinel phases throughout the TU are magnetite (secondary> 
magmatic>symplectite) and ilmenite (secondary>primary). One of the most striking 
features of the TU is the lack of true chromite either as individual crystals or as 
stringers in the ultramafic portions of the TU.  Where present, local scale Cr 
enrichment is found as small (<200 µm) crystals of Cr-bearing magnetite (Cr <10 
wt.%); these are limited to the alteration zones around olivine or as inclusions in 
pyroxenes (see Chapter 9, Figure 9.8).  
 
5.3.4.2.5 Base metal sulphide minerals 
 
The TU in the VSF2 borehole lacks abundant sulphide mineralisation. Where 
present, base metal sulphides (BMS) are present as small disseminated poly-phase 
minerals with visible sulphides consistently restricted to less mafic lithologies 
(anorthosite>troctolite>ultramafics), the replacement horizon (see for example 
Figure 5.14 E) and within and around the transition between some subunits. The 
most common sulphides are pyrrhotite, pentlandite, chalcopyrite, sphalerite and 
±millerite and galena. Sulphide assemblages include primary magmatic types 
(pyrrhoitite-pentlandite-chalcopyrite) and secondary types rich in millerite. Both 
assemblages were found to be present in different parts of the same rock in some 
cases. In strongly altered rocks sulphides show evidence of recrystallisation and 
oxidation to magnetite and other Fe-oxides.  
 
5.4 Lithology, petrology and texture analysis of the 
TU in the Bellevue (BV1) borehole 
 
5.4.1 The Bellevue borehole (BV1) 
 
The extent to which the TU continues along strike in the manner suggested by Van 
der Merwe (1978) was investigated on surface in the study area and immediate 
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area. However, due to lack of outcrop of the TU and MZ, and area restrictions 
imposed by mineral licences during fieldwork the TU could not be followed along 
strike on surface and precise contacts with the MZ determined. The Bellevue (BV1) 
borehole (Table 5.2), located ~ 12.5 km southwest of VSF2 (see Figure 4.2), is the 
only other known borehole that intercepts the TU and was used to compare and/or 
determine the continuity of the TU stratigraphy along strike. The BV1 core is 
archived at the storage facility of the Council for Geoscience and one week was 
spent re-logging and sampling the TU interval and the overlying MZ during 
December 2016.  
 
Table 5.2: Metadata for the BV1 borehole.  
 BV1 
Farm number and location Bellevue 808 (LR) 
Location of borehole 
Eastern border of the farm Bellevue, start of hole in Bushveld 
granite 
Date drilled 1991 
Company South African Council for Geosciences  
Dip of lithology Not stated 
Orientation and depth of hole Vertical, ~2950 m 
Calculated core-loss Not stated 
Stratigraphy  
Bushveld Granites 
Upper Zone 
Main Zone 
Troctolite Unit: BV1-TU1 and BV1-TU2 
 
5.4.2 Revised lithological log of the TU in BV1 
 
Knoper and Von Greunewaldt (1996) defined a thickness of ~140 m for the TU in 
the BV1 borehole; of which 30 m consists of granite and/or other felsic intrusions. 
The upper limit of the TU was placed at an anorthosite-norite contact at a depth of 
2802 m but olivine bearing rocks are known to occur above this level (see modal 
mineralogy logs of Ashwal et al., 2005).  The BV1 core was not orientated and 
stratigraphy and lithological thickness and associated contacts were measured 
relative to each other. Structural features could not be orientated, or sense of 
movement determined. The BV1 core log produced during this study as well as the 
BV1-TU core boxes is provided in supplementary Appendixes 1-22.  
 
The new revised TU sequence in BV1 extends from the end of the core at 2949.5 m 
depth to the last appearance of olivine at 2745.1 m (Figure 5.22). This consists of a 
lower massive troctolitic sequence (>100 m) with four subunits of olivine-norite)-
troctolite-anorthosite, a unit of serpentinite-pyroxenite-troctolite-norite-anorthosite 
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(7m) and an upper troctolite-norite sequence (>50 m) (Figure 5.22). As discussed 
below, the massive troctolite sequence may be matched with confidence to the TU3 
unit and the serpentinite and troctolite-norite to the TU4a subunit present in the 
VSF2 borehole. The BV1 thus intercepts ~175 m off the TU (cal. relative to new 
lithological boundaries for the TU and >30 m granite overprint removed). 
 
 
Figure 5.22: Lithological log of the Troctolite Unit (TU) in the BV1 borehole adapted 
from literature and results from this study, illustrating the change in modal 
mineralogy, texture and grain olivine grain size with depth.  
 
5.4.2.1 Massive troctolite sequence (2809.10 - 2949.50 m): BV1-TU1 
 
This unit comprises four units of gabbronorite-troctolite-anorthosite (or leuco-norite). 
However, felsic intrusions overprint much of BV1-TU1 masking gabbronorite-
troctolite-anorthosite units and contacts. Contacts between units are not sharp but 
gradual or reaction-like. Units are of varying thickness (>10 - <55 m) and differ in 
texture and modal mineralogy.  
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The four troctolite sub-units within BV1-TU1 are from bottom to top (Figure 5.22, 
5.23, 5.24 and 5.25):  
1. BV1-TU1a: Troctolite-anorthosite (2949.50-2897.85 m; ~52 m thick): Troctolites 
are well developed in this unit (troctolitic>gabbronoritic) and has a spotted 
appearance due to large olivine grains (Figure 5.23 A and B, 5.25 A and B). 
However, the unit is still pyroxene rich, less so than some of the units above, 
and has the same mottled (pyroxene) appearance seen throughout the core. 
Olivine occurs over a range of sizes in individual samples (size range <1 mm -> 
8 mm) and over the TU. Olivine is the interstitial phase and has plentiful 
plagioclase inclusions (Figure 5.25 B). Smaller olivine grains form stringers or 
groups (with no orientation or around plagioclase crystals) or sometimes form 
networks and look similar to pyroxene mottles. This section is devoid of felsic 
intrusions / granites apart from a thin granitic vein (<200 mm) with alteration-
reaction textures on the sides.  
2. BV1-TU1b: Troctolite-granite-troctolite-anorthosite (2897.85-2885.50 m; ~12 m): 
This section consists mostly of a massive granitic feature of >9 m with sharp 
contacts with the surrounding troctolite (Figure 5.25 C). The troctolite is less 
olivine-rich with pyroxene mottles and grades into anorthosite. However, the 
anorthosite has intercalations of more mafic material (troctolite of varying olivine-
content), vary-textured with mottles of olivine and pyroxene and is highly altered 
(with possible secondary amphibole).  
3. BV1-TU1c: Troctolite-gabbronorite (2885.50-2857.80 m; ~28 m): This unit is rich 
in orthopyroxene with prominent eyes/ lenses of norite in troctolitic and 
anorthositic lithologies (Figure 5.24 C, 5.25 E). The orthopyroxene can be up to 
>10 mm and hosts plagioclase chadacrysts / inclusions and sometimes olivine. 
The unit has a 100 mm pegmatoid lens /vein (close to the TU1c-b contact) with 
biotite and ore minerals. A large white granite vein / dyke (>14 m) with magnetite 
and amphibole and a smaller vein of <0.5 m crosscuts this unit with reaction 
features on the edges. A granitic vein/ dyke >0.5 m separates the TU1c-d units.  
4. BV1-TU1d: Troctolite-leuco olivine-norite (2857.80-2809.10 m; <50 m): This 
subunit is rich in pyroxene, expressed as various types of mottles and massive 
phenocrysts with olivine and plagioclase inclusions (Figure 5.25 E, F and G). 
Olivine forms the interstitial phase and grain size varies (1 - >5 mm) throughout 
and within samples. Ortho- and clinopyroxene is abundant and lithologies are 
olivine-rich gabbronorite rather than troctolite due to the surplus of pyroxene. 
The TU1d forms a reaction contact of several millimetres with the TU2 above 
(Figure 5.23 F and Figure 5.25 G).  
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BV1-TU1 is dominated by troctolite but is characterised by lenses or layers of 
orthopyroxene/ norite in places (see for example Figure 5.25 E, F, G and I). The 
massive troctolite units show a prominent change in texture from the bottom to the 
top; from more olivine-rich stripy troctolites to rounded and sub-rounded/ spotted 
anorthosite rich troctolite overall. Throughout BV1-TU1 orthopyroxene sporadically 
appears and disappears, resulting in ‘bands’ or intercalation of anorthosite in norite. 
The same is true for the proportion of olivine. Lithologies seem ‘randomly’ distributed 
with various sizes and textures of olivine sometimes present in a single ‘layer’ of 
troctolite. All anorthosites are mottled with either pyroxene or olivine forming 
intercalations of dark minerals throughout the anorthosite, not only at the top. The 
entire massive troctolite sequence contained orthopyroxene and the rocks are more 
noritic or gabbronoritic than true troctolite. The contact between BV1-TU1 and the 
overlying gabbronorite-dominated unit (BV-TU2) was placed between olivine-norite/ 
troctolite and serpentinite (peridotite) (Figure 5.23 F). The contact is serpentinised 
and is reactive rather than grading or transitional.  
 
 
Figure 5.23 A-F: Petrology of the BV1-TU1. A) Average troctolite in BV-TU1a (BV23, 
2924.27 m), B) Mottled troctolite in BV1-TU1a (BV22, 2915.78 m), C) Massive 
orthopyroxene crystals or ‘eyes’ of norite in troctolite in BV-TU1c (BV14, 2861.30 m), 
D: Troctolite or rather olivine-gabbronorite with two pyroxene (cpx>opx) in TU1d 
(BV10, 2815.63 m), E) Troctolite with orthopyroxene and clinopyroxene in TU1d 
(opx>cpx) (BV08, 2810.21 m), F) The BV1-TU1 – BV1-TU2 contact (BV7, 2809.10 m) 
between troctolite/ norite and serpentinised peridotite.  
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5.4.2.2 Norite-troctolite sequence (2809.10- 2745.11 m): BV1-TU2 
 
The BV1-TU2 unit can be split into two subunits; BV1-TU2a (lower) and BV1-TU2b 
(upper). The boundary between the two subunits is placed at a sharp contact 
between anorthosite and gabbronorite (interpreted from Knoper and Von 
Gruenewaldt, 1996). Unfortunately, this contact was heavily sampled by earlier 
workers (Ashwal et al., 2005) and no material from the contact zone remained when 
the core was logged in this study. 
 
BV-TU2a (2809.10-2802.16, 7.01 m thick) consists of a sequence of (serpentinite)-
pyroxenite-melanorite (olivine-gabbronorite)-leuconorite-troctoltie-anorthosite (see 
Figure 5.24 A-D and Figure 5.25 H-J). Ultramafic lithologies are highly serpenitinised 
and fractured with poikilitic textures still evident. Contacts between the more 
leucocratic lithologies are gradual with centimetre scale interchanging regions of 
anorthosite-norite-anorthosite-norite transitioning to an unaltered grey anorthosite 
(see Figure 5.25 J for anorthosite of the same layer). Knoper and Von Gruenewaldt 
(1996) reported BMS in this anorthosite. However, the anorthosite sample left 
contains no visible BMS mineralisation.  
 
 
Figure 5.24 A-D: Petrology of the BV1-TU2 in the BV1 borehole. A) Plagioclase-rich 
olivine pyroxenite in the TU2a (BV06, 2808.44 m), B) Olivine-gabbronorite with 
massive clinopyroxene phenocrysts and orthopyroxene mottles in BV1-TU2a (BV05, 
2807.69 m), C) Glassy grey anorthosite near the top of TU2a with massive norite 
lenses / eyes / pods and finer mottles of pyroxene (BV03, 2803.46 m) and D) 
Gabbronorite with < 5% olivine (BV02, 2802.95 m).  
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Figure 5.25 A-J: Main rock types and prominent textures in the Troctolite Unit (TU) of 
BV1. A) Troctolite with interstitial olivine (2924.27 m, BV-TU1), B) Troctolite with a 
variety of olivine grain sizes and plagioclase inclusions (2915.78 m, BV-TU1), C) 
Reaction contact between a granitic intrusion and troctolite (2877.77 m, BV-TU1), D) 
Massive orthopyroxene (norite) eyes in troctolite (2861.30 m, BV-TU1), E) Troctolite/ 
olivine-gabbronorite with multiple pyroxene mottles and phenocrysts (2850.38 m), F) 
Orthopyroxene phenocrysts with trapped plagioclase, clinopyroxene and olivine 
(2815.63 m, BV-TU1); G) Massive orthopyroxene with trapped olivine, just below the 
TU1-2 contact (2809.13), H) Orthopyroxenite of the TU2a with olivine and plagioclase 
(2808.44 m), I) Anorthosite with multiple mottles and phenocrysts of pyroxene 
(2803.46 m, BV-TU2), J) Anorthosite, at the top of TU2b, with interstitial pyroxene 
(2802.52 m). 
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The BV-TU2b (2802.16 - 2745.11 m, >55 m thick) consists of predominantly 
leuconorite with subordinate olivine-rich norite / troctolite. Olivine reappears roughly 
30 m above the BV-TU2a-TU2b contact as a prominent olivine melagabbronorite 
(Ashwal et al., 2005) and further olivine-bearing rocks appear sporadically to a depth 
of 2745.11 m. This whole olivine-bearing zone has been incorporated into BV-TU2b.  
The final disappearance of Mg-rich olivine marks the upper boundary of the TU 
beneath the olivine-free upper MZ. Defining this upper limit of the TU in this manner 
has the advantage that it is simple and easy to recognise and consistent with the 
approach taken towards other stratigraphic boundaries in the RLS (SACS, 1980). 
 
5.4.2.3 Felsic intrusions and features  
 
Felsic features are irregular in distribution, orientation and thickness (2 cm - >10 m) 
(see core trays and log sheets, supplementary Appendixes 4 and 5). The felsic 
intrusions are white to greenish as opposed to the widespread pink/ red granites of 
the Bushveld Complex. Visually, from core logging, two different types of felsic rocks 
are distinguishable in BV1 based on mineralogy, colour and textures differences; 
magnetite-rich and amphibole-pyroxene rich. The felsic rocks have different 
contacts; progressive reaction or knife sharp. Some interacted with the TU to some 
degree on the edge with complex interaction / reaction textures and possible 
sulphide- and secondary ore minerals (Figure 5.25 C). Larger dykes showed inward 
crystallisation with crystal size decreasing inwards. Smaller dykes were more 
homogenous in crystal size. Contacts with the surrounding troctolite are either sharp 
or reaction driven with myrmikitic textures. The felsic intrusions show evidence of 
later fluid working, ilmenite mineralisation and fine veins. 
 
5.5 Linking and comparing the TU between the BV1 
and VSF2 boreholes 
 
The BV1 lies ~12 km SW of VSF2 (see Figure 4.2). Matching the TU between the 
VSF2 and BV1 it was assumed that the regional mapping by Van der Merwe (1978) 
is correct and there are no significant structural discontinuities between the holes. 
The entirety of the TU is not expressed in the BV1 (cal. ~170 m thick TU) nor the 
VSF2 borehole (>260 m thick TU). The TU3 (massive troctolite sequence) and TU4 
units are intercepted in both boreholes and could be matched. Lithologies below the 
massive troctolite sequence (i.e. the lower portion of TU3, TU2 and TU1) are only 
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expressed in the VSF2 borehole and field observations. The TU might extend for 
several more meters below the transition zone (VSF2-TU1) with similar features and 
another possible pegmatite horizon. Matching the boreholes were also useful to 
track lithologies and changes above the surface collar of VSF2 that are only 
expressed in BV1 and so determine and set lithological boundaries for as much of 
the TU as possible. Lithologies between the VSF2 (VSF2-TU1 to TU4) and BV1 
(BV1-TU2 and TU1) were matched based on similar physical and petrology 
characteristics; the boreholes have visually similar lithologies, gradational contacts, 
thickness of lithological units and layers, textures and BMS mineralisation (Figure 
5.26 and 5.27).  
 
 
Figure 5.26: Comparison of the BV1 and VSF2 boreholes. The boreholes were 
matched based on petrological similarities between (TU4a) and the middle massive 
troctolite sequence (TU3) and the contact between these. The holes can also be 
matched on the disappearance and reoccurrence of olivine above the TU4a-TU4b 
contact.  
99 
 
The 10 cm serpentinised ultramafic at the bottom of TU4 and BV1-TU2a is the most 
similar feature present and was used as reference point for matching lithologies 
between the two boreholes (Figure 5.26). This point was also used for depth 
calculations to calculate the relative depth of the VSF2 in BV1 and vice versa and 
relative to the UZ-MZ boundary in BV1, see Ashwal et al. (2005). Care was taken to 
correlate the boreholes based on similar features and to recalculate and match 
depths to compensate for felsic intrusions. Materials and methods followed as well 
as calculation are provided in Appendix A and B.  
 
The massive troctolite sequences corresponding to VSF2-TU3 and BV1-TU1, below 
the ultramafic layers (TU3-TU4 contact) could be matched between the two 
boreholes with confidence, although felsic intrusions in the BV1 core (coupled with 
intense alteration in VSF2) made it difficult to match individual subzones. The BV1 
ends somewhere in the massive troctolite sequence (VSF2-TU3). The norite-
gabbronorite with sporadic development of olivine, above the ultramafics (VSF2-TU4 
and BV1-TU2b) are similar but the transition to olivine-free lithologies found at the 
top of BV1-TU2b is not observed in the VSF2 core; the VSF2 ends (start of hole) 
before this transitions (Figure 5.26).  
 
The boreholes are similar in lithology, petrology and textures (Figure 5.27 A-H, 
Table 5.3) and have surprisingly similar features in the TU3 and TU4. Both holes 
have thick sequences of pyroxene rich troctolite (olivine gabbronorite)-anorthosite 
with a variety of mottles and reaction and compaction textures. Orthopyroxene is the 
dominant pyroxene in both holes and lithologies are overall more noritic than 
gabbroic. Most crucially they share similar mineralogy and micro textures; mature 
textures (triples points between plagioclase), different types and generations of 
pyroxene (cumulate and non-cumulate, phenocrysts and rims) and olivine is the 
interstitial phase with a variety of shapes and sizes and hosts inclusions.  
 
The TU in VSF2 and BV1 are very similar but has key differences (Table 5.3). Some 
layers were not continuous between the two holes like the thin ultramafic pegmatitic 
layer (<1 m thick) in the VSF2 borehole; it might either pinch out or is a localised 
entity caused by fluid activity. Smaller ‘pods’ or lenses of pegmatite with hydrous 
minerals (especially biotite) were present in both boreholes in the massive troctolite 
sequence. The BV1 is more pyroxene rich than the VSF2 with massive eyes / 
lenses/ autoliths of norite. These features might be present in the VSF2 but is 
overprinted by later alteration. The TU sequences in the two boreholes differed 
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strongly in terms of the degree of alteration. VSF2 is highly altered with denser 
structures intensity / spacing of veins and joints and faults. 
 
 
Figure 5.27 A-H: Similarities of textures, mineralogy and petrology between the BV1 
and VSF2 boreholes. A and B) Typical troctolite with pyroxene mottled effect in VSF2 
and BV1. C and D) Mottles of pyroxene and/ olivine in anorthosite of VSF2 and BV1, E 
and F) Mottles consisting of eyes or pods of large pyroxene (noritic) material in 
troctolite / olivine-gabbronorite in VSF2 and BV1. G and H) Sporadic lenses of 
pegmatitic material with quartz-plagioclase-biotite-apatite found in the massive 
troctolite sequence of VSF2 and BV1.  
 
Many plagioclase-rich lithologies are severely altered to white clay minerals and 
ultramafic units are commonly altered to black-dark green serpentinites. Some 
troctolites have streaky appearances and are slightly magnetic from the breakdown 
of olivine to serpentinite and magnetite. The BV1 borehole in contrast is less altered 
(slightly-moderately altered e.g. anorthosites lack clay and are predominantly grey to 
glassy) with fresher component core with fewer structures; alteration is most intense 
around felsic intrusions. However, the BV1 does show some degree of alteration 
with moderate to severe alteration in the ultramafic units of BV1-TU2a and the 
bottom of the core (~2949.50 m). The VSF2 core contains two small (<10 cm) 
prominent calc-silicates xenoliths (~119.73 m and 245.82 m). Xenoliths were not 
observed in the TU logged in the BV1.The TU in the two boreholes are more similar 
than different and can be linked and compared with confidence. This implies that 
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similar processes were active in both boreholes and are not a relic of alteration and 
fluid overprint in VSF2.  
 
Table 5.3: Comparison of the TU between the VSF2 and BV1 boreholes. 
Parameter VSF2 BV1 Comparison / Comments 
Thickness of TU > 260 m > 170 m Not dip corrected 
Subdivision of 
TU 
4 subunits (TU1-4) 
2 subunits  
(BV1-TU1+BV1-TU2) 
Possible more units above 
and below. Could be 
matched with confidence 
between the two holes 
TU4 or BV1-TU2 
2 subdivisions: 
‘cycle’-troctolite-
norite 
2 subdivisions: 
‘cycle’-troctolite-norite 
Similar layering and same 
serpentinised layer at bottom 
Contact TU3-
TU4 
TROC-Peridotite  
Slumping or wavy  
TROC-serpentinite 
Slumping or wavy 
Contacts looked very similar 
in hand sample+thin section 
TU3 or BV1-TU1 
3-4 subdivisions: 
Troctolite (OLGN)- 
anorthosite  
3-4 subdivisions: 
Troctolite (OLGN)- 
anorthosite 
Similar lithology but different 
with some similar textures 
Upper TU-MZ 
contact 
The VSF2 ends 
before the contact 
Intercepted in the 
BV1 
Olivine reappears ~30 m 
above the defined contact in 
both holes 
Lower MZ-TU 
contact  
Not expressed in 
VSF2 
Not expressed in BV1 
First appearance of Mg-rich 
olivine in the Main Zone 
Petrology 
Olivine-gabbronorite 
dominant 
Rich in 2x pyroxene 
(opx>cpx) 
Olivine-gabbronorite 
dominant 
Rich in 2x pyroxene 
(opx>cpx) 
Same ‘upside down’ 
assemblage of cpx-olv-opx / 
gabbro-troc-norite 
Textures 
(overall) 
Specific to some 
units 
Overall mottled and 
spotted 
Specific to some units 
Overall 
spotted>mottled 
Similar textures. Different 
stages of TU formation are 
expressed or preserved 
between the two holes 
Mottles 
Variety of mottles: 4 
types and 
generations 
Not limited to set 
lithologies 
Various and not 
limited to set 
lithologies 
Mottled lithologies was 
prominent in both holes. 
Similar mottled lithologies 
and types. However, not all 
types present in both 
Autoliths 
Not as prominent, 
overprinted by 
alteration and later 
processes 
Prominent feature, 
lenses of norite with 
massive opx 
Irregularly distributed 
Noritic or opx dominant 
features 
Replacement 
textures 
Several types and 
generations  
This horizon is not 
expressed in BV1 
The BV1 ends before TU2 
Reaction texture 
Reaction with melt 
lens 
Reaction with felsic 
intrusions 
BV1 formed syn- and post 
TU formation 
Compaction / 
layering 
Banded or layered 
troctolite + OLMGN 
Banded / striped 
troctolite and OLGN 
Similar features, VSF2 more 
prominent due to 
serpentinisation 
BMS 
mineralisation 
Visible sulphides in 
anorthosite, troctolite 
and replacement 
zones 
Limited to anorthosite 
and troctolite 
Disseminated sulphides, 
some at similar horizons in 
the core. BMS were 
scattered and not regulated 
Chromite none none 
No evidence of any visible 
chromite  
Alteration Intense to pervasive 
Moderate, the TU in 
BV1 is fresher  
The VSF2 had a later fluid 
overprint not evident in BV1 
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Table 5.3 cont.: Comparison of the TU between the VSF2 and BV1 boreholes. 
Parameter VSF2 BV1 Comparison / Comments 
Structures 
Intense structure and 
associated 
alteration. Veins, 
joint and faults 
More structurally 
sound. Large fault at 
the bottom of BV1 
Less structures like veins, 
joints, faults and core breaks 
in BV1 
Felsic 
intrusions 
Lacked felsic 
overprint.  
Large and prevalent 
felsic horizons and 
veins 
Limited to BV1 
Xenoliths 
2x small  
calc-silicates  
Non found in the BV1 
Limited to VSF2 as far 
known 
Pegmatite 
lenses and pods 
Layer of troc-
pegmatite in TU3, 
massive biotite eyes 
TU3 
Eye or pod of 
pegmatite with 
hydrous minerals in 
TU3 
Pegmatitic features might be 
locally constraint due to 
pooling of fluids 
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Chapter 6 
Mineralogy: silicate and accessory phases 
 
A detailed and representative study on the mineralogy (silicates and non-silicates), 
including mineral chemistry, textures and mineral evolution of the TU had not been 
undertaken prior to this study. A limited study on the mineralogy (Ashwal et al., 2005) 
and mineral chemistry (Tanner et al., 2014) of the TU took place on TU samples from 
the BV1 borehole. Davey (2014) carried out a restricted mineralogy study, consisting 
of 25 samples, on samples from the VSF2 borehole. This study is the first in-depth 
mineralogy study on the TU not based exclusively on samples from surface or from 
one borehole. Following the description of major lithologies and stratigraphic 
relationships in Chapter 5, the mineralogy and micro texture associations are 
described separately and then interpreted in this chapter. Materials and methods 
followed are discussed in Appendix A and B. Results and metadata are provided in 
Supplementary Appendixes 1-22. 
 
6.1 Silicate mineralogy 
 
Mineralogy studies were focused on the main framework minerals including 
plagioclase, olivine, clinopyroxene, orthopyroxene, ±biotite and ±amphibole. 
Accessory minerals such as zircon, monazite and baddeleyite were studied to track 
possible contamination and melt pockets. Alteration minerals prehnite, serpentinite, 
talc and chlorite were used to track fluid alteration, remobilisation of trace elements 
and oxidation of ore minerals.  
 
6.1.1 Plagioclase (NaAlSi3O8-CaAl2Si2O8) 
 
Plagioclase displays a variety of phase associations, has multiple micro textures, 
sizes and morphologies, shows evidence of deformation and alteration and hosts a 
variety of (solid, liquid and gas) fluid inclusions. Clay alteration (sericite, prehnite and 
mica) and cracks overprint many plagioclase mineral surfaces; an effect that is more 
evident in VSF2 than in BV1.  
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6.1.1.1 Plagioclase phase associations and mineral chemistry 
 
Plagioclase forms the framework mineral (Figure 6.1 A) in lithologies such as 
anorthosite, troctolite, (olivine)gabbro, (olivine)gabbro-norite and (olivine)norite. It is 
developed (Figure 6.1 B) between olivine and pyroxene in more ultramafic lithologies.  
Based on textural analysis (see Section 6.1.2) the terms “cumulate” and “cumulus” 
are uncertain as the action of fluids, as suggested in Chapter 5 and expanded upon 
below, means that the genesis of plagioclase and other minerals that might otherwise 
be seen as “cumulus” in an anhydrous system are uncertain in the TU. The term 
“framework” silicate is used instead as this best describes the final appearance of the 
rock without ascribing a specific crystallisation order as would be implied under 
cumulus-intercumulus terminology. Plagioclase is found as phenocryst in the felsic 
replacement horizon (Figure 6.1 D). Plagioclase inclusions are a common feature in 
pyroxene and olivine throughout the TU (Figure 6.1 E and F) and are found in both 
the VSF2 and BV1 boreholes.  
 
 
Figure 6.1 A-F: Phase associations, generations and textures of plagioclase in the 
Troctolite Unit. A) Range of ‘cumulate’ plagioclase (FT4204), B) plagioclase as 
interstitial phase in pyroxenite (JD02), C) plagioclase phenocryst / oikocrysts  with 
olivine chadacrysts (FT4203E), D) plagioclase phenocrysts in the felsic replacement 
horizon, E) plagioclase enclosed in pyroxene and the variety of ‘cumulate’ plagioclase 
(FT1030) and F) Plagioclase inclusions found in interstitial olivine (FT1012).  
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Plagioclase mineral chemistry was analysed using quantitative EDS. An average of 
three areas were analysed over the width of the plagioclase crystal. More areas were 
analysed over inclusions in pyroxene and olivine to check for zoning and variations. 
The average of the areas was used as the final value per crystal. Several crystals 
were analysed per sample or population within a sample. Mineral chemistry data are 
provided in supplementary Appendix 11 and 12 and summarised in Figure 6.2. 
 
Figure 6.2 shows that the MZ has an overall lower An# (average = 64) and smaller 
range An#= 61-66 than the TU and plots in the labradorite field (n= 15 analysis, n= 49 
crystals, 4 samples over ~200 m). An# becomes more anorthositic in the TU, ranging 
between ~58 and 87 (Figure 6.2) across the labradorite-bytownite stability fields (n= 
115 analysis, n= 429 crystals, 24 samples over 268 m in VSF2).   
 
An# of plagioclase is constant throughout most of the TU (average An#= 75) (TU2d 
to TU3 and TU4b) (Figure 6.2). However, the transition zone (TU1) and felsic 
replacement horizon (TU2) have the widest range in An# per sample (e.g. An#= 64-
81, mixture of olivine-rich and poor gabbro) and with stratigraphic position (An# range 
in TU1= 64-87). Samples from these horizons contain a subset of plagioclase crystals 
with prominent patchy zoning while other crystals are not as strongly zoned or 
optically unzoned. Similar effects are sometimes observed in TU3 and TU4 but not as 
strongly as in the lowest two zones.  
 
The widest range in An# per sample, lithology and subunit is found in TU1 (Figure 
6.2). This region is characterised by olivine appearing and disappearing, forming 
characteristically irregular banded/pod like olivine-rich and olivine-poor gabbros. The 
transition from olivine-free to olivine-rich is not obvious and lithologies seem to blend 
into each other. The sample with the widest range in TU1 (FT1143, 257.44 m) consists 
of olivine-rich and olivine-poor regions (Figure 6.3). In thin section the regions are 
indistinguishable; there is no sharp or obvious contact between the two regions 
(Figure 6.3).  
 
Figure 6.2 (next page): Downhole plot of An# (with range per sample), delta An# 
(maximum- minimum An#) per sample, per crystal and per plagioclase inclusion (in 
olivine or pyroxene) and K2O of plagioclase in the Troctolite Unit and Main Zone 
compared to modal mineralogy, grain size and zoning. The long axis (along the twin 
plane) of the plagioclase crystals were measured, as far possible, to determine grain 
size (TU n=10 and MZ n=3, with n=5 per sample).  Plagioclase inclusions in olivine and 
pyroxene were not included in plagioclase size determination. Open symbols are 
plagioclase inclusions in olivine and pyroxene. Vertical lines are the calculated 
averages of the Troctolite Unit based on the VSF2 (green line) and Main Zone field 
samples (grey line). Legends are the same as downhole plots of Chapter 5 and 6.
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Figure 6.3: Micrographs and element map of olivine-rich and poor gabbro in TU1 (FT1143, 257.44 m) with An# (average value per crystal). Note the lack 
of obvious contacts between olivine-rich and poor regions and the generally larger grain size of plagioclase in the vicinity of olivine.  See Supplementary 
Appendix 10 for additional element maps illustrating the range of plagioclase zoning within the TU. 
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Plagioclase in ultramafic lithologies are more albitic and displays a wide range of An#, 
especially in the pyroxenite (An#= ~59-73) of TU4a, just above the TU3-TU4 boundary 
(see Figure 6.4). This pyroxenite horizon can be linked to a similar one in BV1 (see 
Chapter 5) and Ashwal et al. (2005) reported similarly low An# (An#=69.8-71.7). 
 
The K2O content of plagioclase ranged between 0.07-0.29 wt.% (average= 0.16) over 
the TU and 0.26-0.36 wt.% (average = 0.29) in the MZ just below the TU (Figure 6.2). 
Figure 13 in Ashwal et al. (2005) indicates a general upward fractionation trend of 
K2O from the bottom of the BV1 (TU) towards the UZ-MZ boundary. However, within 
the newly defined boundaries for the TU (see Chapter 5), plagioclase within the TU is 
now shown to be consistently depleted in K (K2O<0.20) compared to the MZ both 
above and below it (K2O>0.26).  
 
 
Figure 6.4: Micrographs and element map of the pyroxenite horizon that can be linked 
between VSF2 (86.70 m) and BV1 (~2808 m). The pyroxenite has a wide range of An59-
73. Orange dots on cross-polar micrograph are pen marks for LA-ICP-MS. See 
Supplementary Appendix 10 for enlarged element maps. 
 
6.1.1.2 Plagioclase grain size, morphology (habit) and micro textures  
 
It is important to emphasise that plagioclase grain size in the TU varies within a single 
sample (see for example Figure 6.1 A and E) as well as throughout the TU (range = 
<0.5 mm – >10 mm, avg.= ~3 mm) regardless of lithology (see Figure 6.2). Average 
grain size is medium to very coarse without any systematic inward fining or coarsening 
effects. However, average grain size does vary between the subunits of the TU. TU2 
plagioclase is generally coarser, especially in the pegmatoidal regions around the 
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felsic replacement layer and directly below it (TU2a, b and c); and felsic, leucocratic 
and mafic lithologies are characterised by very coarse grained (>5 mm) plagioclase. 
In contrast, plagioclase in the MZ below the TU tends to show more consistent grain 
size both within a single sample and over the interval analysed (avg. = 3.4 mm, range= 
0.5 – >7 mm).  
 
Plagioclase in the TU shows a variety and range of crystal morphologies and contacts 
with surrounding phases including examples of moderately-strongly rounded crystals. 
The MZ plagioclase crystals however, have more prismatic / tabular and rounded 
tabular crystal morphologies in comparison with limited well rounded and rounded 
habits.  
 
Similar to the variation in grain size, multiple plagioclase morphologies may be 
present within a single sample including tabular, rounded to well rounded, irregular 
(see for example Figure 6.1 and 6.5). However, crystals are consistently more 
prismatic / tabular in the felsic replacement horizon (TU2) and tabular to rounded in 
the TU1 (see Figure 6.3). The shape of the plagioclase as inclusions in olivine and 
pyroxene ranges from rounded to tabular to irregular but without any obvious control 
by the host mineral. No link could be found between plagioclase morphology with 
grain size or lithology.  
 
 
Figure 6.5 A-F: Micrographs of the variety of plagioclase textures found in the Troctolite 
Unit. A) Patchy zoning and jagged crystal edges/ boundaries. B) Pronounced triple 
points between plagioclase crystals. C) Patchy to skeletal zoning in plagioclase. D) Well 
rounded plagioclase habits. E) Deformation of plagioclase. F) Resorbed/ irregular 
shaped plagioclase in pyroxene.  
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Polysynthetic twinning and lesser laminar twinning (rotation of the twin plane and 
crosscutting twin planes) are observed in plagioclase throughout the TU and MZ 
(Figure 6.1, 6.4, 6.33). Twinning is distorted by deformation causing kinking and 
bending of plagioclase as well as various types of deformation twinning (see Section 
6.4 on deformation).    
 
A striking feature across most lithologies is the abundant well defined, sharp triple 
points (120°) between plagioclase grains (Figure 6.5 B). Zoning (Figure 6.5 A and C, 
Figure 6.6), kink and bend plagioclase crystals (Figure 6.5 E, Figure 6.33), mature 
and recrystallize textures with sharp, sometimes jagged, boundaries (Figure 6.5 A, F) 
and re-crystallisation spots / patches are common and found throughout the TU.  
 
6.1.1.3 Zoning 
 
Plagioclase in the TU and the MZ is not strongly optically zoned. A lack of zoning 
usually indicates that the system has equilibrated or diffused. However, parts of the 
TU, in both the VSF2 and BV1 boreholes, display a few zoned crystals in nearly every 
sample with the most obvious zoning in the TU2 unit, in and around the felsic layer, 
and in the TU1 (Figure 6.2 and 6.6). Examples of plagioclase zoning are rarer in the 
TU3 and TU4 (Figure 6.2 and 6.6) (see also Tanner et al., 2014).  
 
Full quantitative EDS-SEM analyses of randomly selected plagioclase crystals (and 
samples) in the TU shows a range in ΔAn# (maximum minus minimum An#, irrelevant 
of position within crystal i.e. core or rim, see also Appendix B for methods used to 
calculate values) per crystal (see Figure 6.2). The average TU-ΔAn# = 3.8 (range= 
<1-17, n=63) whilst the MZ-ΔAn# = 2.3 (range=<1-6.0, n=5). Plagioclase inclusions 
are not dissimilar to the TU with average ΔAn#= 2.4 (range= <0.1-15.9, n= 49). These 
trends mimicked optical zoned plagioclase trends with prominent zoning (wider range 
in ΔAn# per crystal) in the TU1 (mixed olivine rich and poor lithologies, see for 
example element map Figure 6.3) and TU2, mottled lithologies and TU subunit 
boundaries (Figure 6.2). A more detailed study, with a bigger sample fraction, is 
needed, over the TU and MZ, to better quantify the nature and extent of plagioclase 
zoning in the TU and MZ.  
  
Some zoning was also observed with ASEM semi quantitative element mapping 
(Figure 6.3) but the effect is often subtle and is not obvious if the sample is not strongly 
zoned or if the map was not acquired at a high enough resolution  
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Figure 6.6 A-H: Micrographs of the variety and intensity of zoning found in the Troctolite 
Unit. A) patchy zoning, at the bottom of the VSF2 (TU1), in olivine-rich gabbro (268.50 
m, JD24), B)-D) patchy zoning in multiple plagioclase crystals in orthopyroxene host in 
norite of TU2 (246.70 m, JD22), E) patchy zoning in altered norite of the replacement 
zone (TU2) (240.57 m, FT1131), F) possible reverse zoning, or overgrowths, in the 
pegmatoidal horizon of TU2 (232.07 m, JD32), G) patchy zoning in troctolite of TU4a 
(80.86 m), H) patchy zoning in troctolite at the top of the VSF2 borehole (TU4, 55 m).  
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Zoning is not restricted to the TU in the MZ in the northern limb. Patchy and limited 
oscillatory zoning has been reported in the BV1 with highly zoned plagioclase at the 
top of the UZ (Ashwal et al., 2005). Normal and localised reverse zoning is also found 
higher up in the BV1 in areas of density increase around 2175 m in the Upper MZ 
(Hayes et al., 2017). Normal zoning in plagioclase is likewise present in the Rum 
Complex (O’Driscoll et al., 2009) and reverse zoning in the CZ (Smokey Hill, Maier et 
al., 2016). Zoning is not a common feature in cumulate rocks of layered intrusion.  
 
The most common type of zoning in the TU is patchy zoning (Figure 6.5 C and 6.6). 
Patchy zoning could be indicative of melting and recrystallisation or overgrowth on 
the melted crystal. Whether the zoning is normal, or reverse, was not determined. The 
zoning is characterised by irregular shape of the core/s and different parts (patches) 
of the crystal going into extinction position at the same time.  
 
Plagioclase zoning occurs in all lithology types (leucocratic+felsic>mafic>>ultramafic) 
and independently of grain size or morphology in the TU. In order of abundance, 
zoning is observed in the framework crystals over plagioclase enclosed in pyroxene 
and only rarely in interstitial plagioclase. Plagioclase zoning is especially intense in 
the more leucocratic lithologies of the replacement horizon (TU2 and in and around 
the felsic feature (~228-232 m) (Figure 6.6). Zoning extends down into the TU1 below 
(Figure 6.2). Here, plagioclase associated with both leucocratic and more mafic 
lithologies shows evidence of zoning. The TU2 is characterised by prominent 
alteration and possible fluid overprint. The TU1 however, is less altered with some 
clay alteration of plagioclase and unaltered olivine (Figure 6.3). The TU1 core material 
is more competent and less altered than most other parts of the TU and lacks 
structures like joints and veins. Therefore, zoning in the TU1 is unlikely to be a 
secondary feature.  
 
6.1.2 Olivine: (Fe, Mg)2SiO4 
 
Olivine in the TU is developed most commonly as the interstitial phase in both the 
VSF2 and BV1 boreholes. Olivine hosts a variety of mineral- and fluid inclusions and 
occurs over a broad range of morphologies and sizes. In the BV1 core the olivine is 
largely fresh, but in the VSF2 core olivine is highly to pervasively altered with cracks 
or veins of magnetite exsolution and secondary mineralisation of serpentine minerals, 
talk and chlorite.  
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6.1.2.1 Olivine phase associations and mineral chemistry 
 
Olivine is most commonly found between framework minerals such as plagioclase or 
pyroxene and is not the primary cumulus phase as might be expected in a 
conventional crystallisation sequence (see Figure 6.7). Olivine in the TU is forsterite 
with avg. Fo75 and range between Fo72-78 (n=18) (Figure 6.8 and 6.9). This is 
slightly higher than Fo72 reported by Van der Merwe (1978) but within the range of 
BV1 values of Fo78-74 (Ashwal et al., 2005) and Fo76 (n=19, calc. supplementary 
material, Tanner et al., 2014). Fo# was calculated using molar values based on four 
oxygen stoichiometry; Mn was not included in the calculations. Olivine in the TU is 
extremely Mg-rich for a unit that is surrounded, above and below by gabbronorite. TU 
Fo# numbers are akin to Platreef olivine (e.g. Sandsloot, Fo76-77; Townlands, Fo78-
83, McDonald and Holwell, 2011 and the references therein), found more >1 km 
stratigraphically below the TU.  
 
 
Figure 6.7 A-F: Micrographs of the variety of olivine phase associations and textures 
found in the Troctolite Unit of VSF2. A) Typical interstitial olivine mineralisation found 
throughout the TU showing agglomerate and anhedral habits with amoeboid 
morphology (TU2, 221.90 m). B) Interstitial olivine with anhedral and agglomerate 
habits, amoeboid morphologies and plagioclase inclusions (TU3, 133.49 m). C) Olivine 
as inclusion in pyroxene and plagioclase, with a variety of shapes and size. Some 
massive olivine hosts polyphase inclusions of plagioclase and hydrous minerals (TU2, 
234.89 m). D) Inclusions of olivine, with subhedral and anhedral habits, in plagioclase 
and pyroxene. (TU3, 90.78 m). E) Plagioclase inclusions in interstitial agglomerate 
olivine (TU4, 55.00 m). F) Orthopyroxene rims around interstitial olivine, in troctolite 
(TU3, 149.00 m).  
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Fo# does show a slight trend regarding depth or TU subunit; olivine in the TU1 and 
TU4 is slightly more evolved (more Fe-rich) than the TU2 and TU3 (Figure 6.8 and 
6.9). Fo# seems to decouple from TU1 to TU2 and again at TU3 to TU4. There is no 
clear link between Fo# and lithology. The difference is less than 2 molar% and non-
significant as ranges overlap. However, there is shift in Fo# associated with texture. 
Interstitial olivine is generally more evolved (lower Fo) and range between Fo72-76 
(Figure 6.8) than olivine chadacrysts and associated with pegmatitic textures between 
Fo74-78. 
 
 
Figure 6.8: Change of olivine composition in the Troctolite Unit as a function of: A) 
subunit, B) lithology and, C) phase association or texture of olivine. The y-axis has no 
value, entities were spaced to show trends. 
 
6.1.2.2 Olivine grain size, morphology and micro textures 
 
The most interesting and confusing texture is the interstitial nature (Figure 6.7 and 
6.10) of olivine with the finding of multiple inclusions and embayed contacts. Olivine 
adopts a variety of textures with a range of grain sizes and shapes through the TU 
(Figure 6.7). A single sample and/or layer can have a range of olivine crystal habits, 
morphologies and grain sizes. A range in olivine grain size (<1->5 mm) within a single 
sample is a common feature throughout the TU and is not limited or associated with 
a specific rock type or subunit (Figures 6.10). Changes in olivine grain size often 
appear random with coarse and fine grains occurring together and lacking spatial 
order (either distribution, patterns or repetitions) in the same rock. This general feature 
holds for all rock types in the TU. Even in portions with pseudo banding the olivine 
grain size varies and appears haphazardly distributed. 
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Figure 6.9: Downhole plot of Fo#, olivine grain size and occurrence / distribution of inclusions in olivine as well as fluid inclusions found in olivine. The 
graph only illustrates the presence of fluid inclusions and does not distinguish between different types/ generations, composition or morphology. 
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Figure 6.10: Micrographs and element map illustrating the interstitial nature of olivine, 
with plagioclase inclusions, in the massive troctolite sequence (TU3) (FT1091, 185.64 
m). See also Figure 6.3 for interstitial nature of olivine in the TU1 (FT1143, 257.44 m).  
 
The same variation holds for the occurrence and morphology of olivine. Olivine is 
nearly always developed between or intergrown with framework minerals such as 
plagioclase (e.g. Figures 6.7 B and E) or orthopyroxene (Figures 6.7 C and F). Like 
crystal size, olivine habit and morphology show no obvious spatial repetition or 
ordering on a microscopic or a macroscopic scale. 
 
The most common olivine texture in the TU is interstitial with amoeboid morphology. 
Interstitial olivine displays highly irregular crystal edges, embayed intergrowths with 
plagioclase and pyroxene, mineral inclusions and rare orthopyroxene rims (Figure 
6.8). Here amoeboid morphology is used as an umbrella term for any shapeless 
crystal including rounded, oblong and infill forms. Olivine crystals likewise have 
anhedral and aggregate crystal habits.  Aggregate crystals are commonly expressed 
as glomocrysts (up to or >8 mm) or stringers of smaller crystals, made up out of a 
variety of sizes. These large composite olivine crystals often seem to engulf or 
incorporate plagioclase phenocrysts, sometimes forming ‘stringers’ of several small 
plagioclase crystals between individual olivine crystals, around the edges or trapping 
plagioclase within the olivine glomocrysts (Figures 6.7 A, B and E, 6.10, 6.11). 
Agglomeration and the presence of stringers of olivine is a common feature, with 
olivine forming clusters of >10 mm in size. However, large aggregations of crystals 
might be a sign of recrystallisation as seen in metamorphic rocks. Larger crystals have 
a smaller combined surface area than a combination of smaller crystals thus 
decreasing the energy of the system and stabilising the system and the grains.  
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Recrystallisation is usually a function of higher temperatures and is aided by the 
presence of (grain boundary) fluids. There seems to be an association between the 
coarsening of grain size and the extent to which olivine replaces orthopyroxene 
(Figure 6.11 and Figure 6.12). Where replacement is complete or nearly complete the 
olivine and plagioclase are larger than in areas where there is only partial 
replacement. 
 
 
Figure 6.11: Micrograph and element maps showing the agglomeration nature of olivine 
and the variety in grain size within a single sample. (BV22, 2915.78 m) Note the 
plagioclase inclusions in the olivine agglomerations. See Supplementary Appendix 10 
for enlarged element maps. 
 
Interstitial olivine can have prominent orthopyroxene rims (see Section 6.1.3) or can 
be completely engulfed by these large orthopyroxene phases (Figure 6.7 F and 6.19, 
Figure 6.12). The large phenocrysts/ poikilitic features are usually accompanied by 
smaller orthopyroxene (and ± clinopyroxene) mottles. These pyroxene textures are 
not associated with ultramafic lithologies but with the less mafic lithologies and are 
randomly distributed within them. Interstitial textures are overall associated with less 
mafic lithologies including mottled anorthosite, troctolite, olivine-gabbro, olivine-norite 
and olivine-gabbronorite but can be present in ultramafic rocks as well.  
 
Olivine inclusions found in a plagioclase or pyroxene host consist of a mixture of sub-
equant, anhedral and aggregate habits. Olivine generally has well rounded edges and 
a variety of amoeboid morphologies that appears to be penetrative in the plane of the 
thin section and do not resemble euhedral-subhedral crystals that might be 
interpreted as conventional chadacrysts. These olivines sometimes contain rare 
inclusions themselves that are predominately polyphase (orthopyroxene-plagioclase-
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biotite) and richer in hydrous minerals compared to those found in interstitial olivine 
(e.g. Figure 6.7 C). This texture is largely restricted to ultramafic lithologies and certain 
pegmatites. Severe alteration and later overprint unfortunately complicated mineral 
description for this group. 
 
Olivine, irrelevant of phase association/ texture, contains abundant inclusions; both 
single mineral and polyphase mineral inclusions (see Section 6.1.2.3) and fluid 
inclusions (see Section 6.3) along with magnetite symplectites. Symplectites are 
strongly associated with olivine, irrelevant of texture, grain size, lithology or 
stratigraphic depth but seem to be more prevalent in obviously pegmatitic or mottled 
lithologies and lithologies rich in biotite and/or apatite. The symplectites range 
between < 500 µm to > 1 mm in diameter and occurs along the rims / edges of olivine 
with limited trapped inside the olivine and rarely inside/ edge of inclusions in olivine 
(see Figure 7.4 D, 6.13 F). A single olivine crystal may have several symplectites 
along its rim. Olivine, irrelevant of phase association, is not compositionally zoned. 
However, some olivine crystals have been plastically deformed (Section 6.4).  
 
 
Figure 6.12: Micrographs and element map showing the pegmatoidal nature of olivine 
in contact with mottled ol-norite below (TU3). Note the inclusion of olivine in plagioclase 
in the pegmatoidal regions and the fine pyroxene mottles and rims around olivine in 
olivine-norite.  
 
6.1.2.3 Single and poly-phase inclusions in olivine  
 
Inclusions (single and/or polyphase) are present in olivine in all subzones of the TU 
(Figure 6.9). However, they are more frequent in the massive troctolite sequence of 
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TU3, TU1 and in the TU4 where olivine reappears in the crystallising sequence 
(Figure 6.9). The inclusions are present in both the VSF2- and the BV1 boreholes. 
 
Single phase inclusions consists of one or more crystals of either plagioclase or 
pyroxene. It is not uncommon to find more than one single phase inclusion in a single 
olivine host (i.e. one olivine can host several plagioclase inclusions - Figure 6.13). 
Plagioclase inclusions display polysynthetic/ albite twining, lacks obvious optical 
zoning and sometimes comprise of multiple crystals. The inclusions do seem to be 
chemically zoned (see delta An# of inclusions, Figure 6.2). However, some of the 
more prominent zoning might be attributed to multiple plagioclase crystals that make 
up the inclusions.  
 
 
Figure 6.13 A-F: Micrographs and element maps of single and poly-phase inclusions in 
interstitial olivine of the TU-VSF2. A) Inclusion of multiple plagioclase crystals between 
interstitial olivine in the TU4 (FT1012, 55 m), B) Interstitial olivine with more than one 
inclusion, note amphibole in the inclusion (TU3) (FT1093, 189.00 m), C) and D) 
polyphase inclusion of plagioclase-clinopyroxene-orthopyroxene in interstitial olivine 
with orthopyroxene rim (TU3) (FT1046, 113.89 m), E) rare orthopyroxene inclusion in 
interstitial olivine (TU3) (FT1065, 142.00 m) and F) inclusion with plagioclase-magnetite 
symplectite on the edge of interstitial olivine (TU3) (FT1061, 133.49 m).  
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Polyphase crystals are more diverse and consists of a mixture of plagioclase, 
pyroxene and hydrous minerals such as amphibole and biotite (Figure 6.13) with very 
rare symplectite (Figure 6.13 F). Polyphase inclusions of plagioclase-orthopyroxene-
clinopyroxene (Figure 6.13 C and D, 6.14) and plagioclase-amphibole (Figure 6.13 B) 
are obviously composite. The same is true of some single mineral inclusions which 
evidently contain multiple plagioclase grains (Figure 6.13 A). These multi-grain 
inclusions are strong evidence for the development of olivine at a late stage, by 
replacement of plagioclase-pyroxene precursor lithologies. These features are found 
throughout the TU and do not appear to be affected by crystal size and morphology 
or depth/ subunit, However, limited inclusions are found in interstitial olivine in TU1. 
Olivine here is smaller than elsewhere and inclusions are rare.   
 
 
Figure 6.14 A-D: Example of the relationship, shape and mineral chemistry of a poly- 
phase inclusion in interstitial olivine (TU3, VSF2). A and B) Micrograph with mineral 
chemistry illustrating the change in An# in plagioclase over the polyphase inclusion, C) 
high resolution element map showing the chemical relationship between the different 
phases in the inclusion, host and surrounding phases and D) BSE image illustrating 
the morphology and shape of the inclusion relative to the olivine host. See 
Supplementary Appendix 10 for enlarged element maps.  
 
The inclusions range in size (<500 µm – >1 mm, longest axis), shape / morphology 
and location with the olivine host. The inclusions are smaller than the ‘framework’ 
plagioclase. Different morphologies or shapes include: rounded, well rounded 
(spherical) and tabular (Figure 6.13,6.14 and 6.15). Size and shape seem to be 
controlled by the location of the inclusion within the olivine. Smaller rounded to well-
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rounded inclusions are more common towards the centre of the olivine whilst tabular 
habits are found on the edges or close to or between olivine crystals. However, all 
habits were found on the edges and towards the centre.  
 
The inclusions occur in any size of olivine and are not limited to large agglomerations 
of olivine. Inclusions in olivine are more common in lithologies with recrystallized 
plagioclase textures and pyroxene mottles. However, they are more abundant in 
some lithologies than other; especially leuco-troctolites and the massive troctolite 
horizon. In the more olivine rich- pegmatoidal lithologies inclusions are polyphase or 
have hydrous mineral inclusions.   
 
 
Figure 6.15 A-D: BSE images of plagioclase inclusions in olivine illustrating the shape 
/ morphology of the plagioclase inclusions and their relationship the olivine host. A) 
and B) composite inclusion with symplectite and amphibole (FT1012, 55.00 m), C and 
D) irregular shaped inclusion of multiple plagioclase crystals and rare tabular inclusion 
in interstitial olivine in ol-norite of the TU4b (FT1012, 55.00 m).  
 
Inclusions were analysed using full quant EDS-SEM (see Supplementary Appendix 
11 for data sheets) and LA-ICP-MS to test the following: 1) the composition of 
plagioclase- major and trace element enrichment (see Chapter 8), 2) compare how 
An# compares to average TU An# and, 3) how An# (composition) of the plagioclase 
inclusion differs from the framework / surrounding plagioclase in the same sample. 
An# of inclusions falls within range (An#= ~73-88) of the individual sample they occur 
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in and the range of An# measured in the TU (Figure 6.2). The composition of the 
plagioclase inclusions do not differ from the surrounding plagioclase, apart from 
inclusions in the TU4 with slightly higher An# (up to An#=88). TU inclusions analysed 
showed little or no variation across the inclusion (see for example Figure 6.14). This 
study could not determine with confidence if the inclusions in olivine are zoned. 
However, zoning was more prevalent in inclusions hosted in pyroxene (Figure 6.6 B 
and C).  
 
The genesis and relationship of the inclusions to the olivine host is not clear. The 
inclusions might be either recrystallized trapped melt or solid minerals that were 
engulfed by the olivine. In the TU it seems to be a combination of both. Trapped melt 
inclusions ought to be characterised by negative crystals, polyphase mineralogy 
including hydrous minerals, rounded shape, reverse zoning (Na-rich cores, filling a 
void and crystallising from the Ca-rich rim inwards) and polysynthetic twinning. Pre-
existing solid phases trapped by the growth of olivine should be characterised by more 
tabular forms, multiple minerals within one olivine, random distribution in the crystal 
and examples that lie in the plane between agglomerations of olivine or cross-cut the 
olivine rim.  
 
Plagioclase inclusions in olivine, and orthopyroxene, are not unique to the TU. Eales 
et al. (1991) reported corroded plagioclase inclusions in cumulus orthopyroxene and 
olivine in lithologies form the LZ and CZ of the western Bushveld Complex. 
Plagioclase inclusions apparently occur in ‘cumulate’ anhedral olivine from a troctolite 
sample from 30 m above the UG2 pyroxenite (see Figure 2h, in Eales et al., 1991) 
with similarities to inclusions and olivine textures described here. Their study also 
reports similar An# and slightly elevated Fe for plagioclase inclusions compared to 
the surrounding plagioclase. Eales et al. (1991) attributed these textures to the influx 
of hot primitive magma into the chamber; plagioclase is entrapped by the 
crystallisation of orthopyroxene and olivine from the new hybrid magma. The Eales et 
al. (1991) study assumes a dry magmatic system.  
 
6.1.3 Orthopyroxene (X,Y)2Si2O6 
 
Orthopyroxene is the dominant pyroxene in the TU and occurs throughout in various 
proportions with the other silicates. Orthopyroxene is found as a variety of textures, 
sometimes having inclusions of plagioclase, and shows various degrees of alteration 
and textures indicate possible different generations of orthopyroxene. Orthopyroxene 
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is altered to serpentine, amphibole and chlorite-group minerals. Orthopyroxene 
mineralogy and textures are similar between the VSF2 and BV1.  
 
6.1.3.1 Orthopyroxene phase association and mineral chemistry 
 
Orthopyroxene is found as cumulus and interstitial phase, rims around olivine and 
mottles, pokilitic domains and chadacrysts or inclusions, highly altered large 
oikocrysts and thin ‘layers’ of massive or very coarse (possibly pegmatoidal) pyroxene 
(Figure 6.16, 6.19). The intensity/ prominence of exsolution lamellae in orthopyroxene 
of the TU varies. However, lamellae are thin and more notable in more altered and 
ultramafic lithologies. There is no evidence that pyroxenes are optically zoned.  
 
 
Figure 6.16 A-F: Micrographs illustrating the variety of orthopyroxene phase 
associations and textures found in the Troctolite Unit. A) cumulate orthopyroxene in 
gabbronorite, TU1 (JD22, 246.70 m), B) interstitial (FT1132B, 245.82 m), C) 
orthopyroxene rim around olivine in troctolite in the TU3 (FT1088, 174.10 m) , D) 
orthopyroxene rims and mottles in troctolite, TU3 (FT1038, 89.05 m), E) oikocryst with 
plagioclase inclusion in olivine-norite/ troctolite, TU4 (JD01, 80.35 m) and F) phenocryst 
with plagioclase inclusions in norite, TU4 (FT1002, 15.5 m).  
 
Orthopyroxene consists of enstatite (Figure 6.17) with Mg# between ~72-80 (average 
Mg#= 76.8) (Figure 6.18). Average value per sample is based on all phases / texture 
association of orthopyroxene measured in that sample. The range in orthopyroxene 
does not vary significantly over depth (between 1-8 molar%) or within individual 
samples analysed (range per sample <1-3 molar%). Orthopyroxene compositions are 
slightly more Mg-rich in the TU compared with the underlying MZ (Mg#=72) but does 
not seem to vary with lithology in the TU; ultramafic and mafic lithologies have similar 
values to the less mafic lithologies. It would rather seem that variations in Mg# is a 
function of depth and/or the texture/ phase association of the orthopyroxene. Different 
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textures and/or generations of orthopyroxene are evident in the TU and consist of 
cumulate to interstitial to mottles (see Figure 6.16 A-F). Samples with lower Mg# (e.g. 
FT1030 and JD06) show evidence of recrystallisation of plagioclase and pyroxene.  
The same is true for variation for a wide range in an individual sample; this most 
evident in mottled lithologies and lithologies at just below the pegmatoidal horizon of 
the TU3.  
 
The MZ, just below the TU, orthopyroxene ranges between Mg#= 71-73 (average=72, 
n=2). There is a slight decoupling effect from the MZ to the TU from Mg#=72 to 
Mg#=76 (Figure 6.18). Whether this transition is sharp, or gradual is not known as 
there is ~100 m missing between the observed MZ and TU.  
 
 
Figure 6.17: Phase diagram of clinopyroxene and orthopyroxene illustrating the range 
of pyroxene found in the Troctolite Unit and Main Zone.  
 
6.1.3.2 Orthopyroxene micro textures, grain size and morphology 
 
Orthopyroxene displays a variety of textures, morphologies and grain sizes. Texturally 
orthopyroxene is found as poikilitic domains (oikocrysts)>interstitial and mottles> 
cumulate>inclusions (Figure 6.16). A variety of textures are found throughout the TU 
and not restricted to depth. However, some textures are unique to particular lithologies 
or subunits.  
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The distribution of orthopyroxene in the TU can be summarised as follows (see also 
Figure 6.16 and 6.18):  
• TU1: interstitial and/or poikilitic domains with plagioclase inclusions, cumulate.  
• TU2: mottles and poikilitic domains, massive pyroxene / thin layers, 
pegmatoidal and pokilitic and oikocryst. 
• TU3: mottles and poikilitic domains, rims around olivine (Figure 6.19), very 
coarse ultramafic layer around xenolith in TU3, inclusions/ chadacrysts in 
orthopyroxene, phenocrysts in pegmatoidal layer. 
• TU4: ‘cumulate’ with or without plagioclase inclusions, mottles and pokilitic 
domains, cumulate in pyroxene, interstitial in pyroxene, oikocryst in 
peridotites.  
 
 
Figure 6.18: Downhole plot of Mg# of orthopyroxene (Mg#=77) and clinopyroxene (Mg#= 
80) showing the change in depth and comparison to the Main Zone (Mg#= 72 and 76). 
Green lines=TU, grey=MZ.  
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Grain size and morphology of orthopyroxene is often difficult to quantify as some of 
the more mafic and ultramafic lithologies have massive orthopyroxene crystals that 
occupy an entire thin section slide (Figure 6.20).  Size and morphology is a function 
of texture more so than depth or lithology. Grain size is overall medium to coarse 
(cumulate and mottles) to very coarse (pokilitic domains, ultramafic lithologies) to 
pegmatoidal (peridotites and pegmatitoidal horizons).  
 
6.1.3.3 Plagioclase inclusions in orthopyroxene  
 
A distinct feature of the TU is the development of massive orthopyroxene poikilitic 
domains. These are expressed as orthopyroxene or norite ‘eyes’ and are found in 
both the VSF2 and BV1 cores. The large oikocrysts are usually found along with 
smaller interstitial orthopyroxene (patchy mottles). In thin section these textures are 
expressed as either massive orthopyroxene oikocrysts with inclusions of plagioclase, 
olivine or pyroxene, or as rims around olivine completely or partially enclosing the 
crystal (Figure 6.19).  
 
 
Figure 6.19: Relationship between olivine and orthopyroxene rim, troctolite in the TU2a-
BV1 (BV22, 2815.78 m). See Supplementary Appendix 10 for enlarged element maps.  
 
The oikocrysts range in size between <10 mm to >20 mm and sometimes the true 
size is not obvious as it fills most of the slide (Figure 6.20) or comprises of a collection 
of small mottles (see Figure 6.16 D). The shape of the oikocrysts are highly irregular 
and they have embayed and reaction and wavy contacts with surrounding phases.  
 
The BV1 borehole has abundant large orthopyroxene oikocryst textures throughout 
the massive troctolite sequence (BV1-TU1). These are not so obvious in VSF2 and 
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might be either masked by alteration or compaction of the crystal pile in VSF2. In the 
VSF2 borehole the orthopyroxenes features are expressed as smaller orthopyroxene 
mottles and rims around olivine in TU3 and TU4. Larger orthopyroxene textures are 
a prominent feature of the TU2a and the upper part of TU1. In the TU2a and upper 
part of TU1, just below the felsic and pegmatoidal layers, these massive 
orthopyroxene oikocrysts or poikilitic domains are altered to amphibole minerals (see 
Figure 6.34 C).  
 
 
Figure 6.20: Micrographs and elements maps illustrating the interacting/ reacting nature 
of massive pyroxene with plagioclase (FT4209, 232.52 m). Note the patchy zoning in 
plagioclase.  
 
The ‘oikocrysts’ and cumulate pyroxenes, hosts rounded-irregular shape plagioclase 
inclusions (Figure 6.16, 6.21) and rarely polyphase inclusions or other pyroxenes. 
Plagioclase inclusions in pyroxene is a characteristic feature in gabbros and dolerites 
(Eales et al., 1991). However, these are usually tabular to bladed.  
 
In the TU the inclusions are well rounded to irregular to tabular in shape and have a 
variety of contacts (sharp, embayed, wavy/eaten) with the surrounding pyroxene 
(Figure 6.21). The plagioclase inclusions are smaller than the surrounding plagioclase 
(<500 µm). Some inclusions display irregular shapes and boundaries with the 
surrounding pyroxene as if they have experienced reaction or partial melting. Some 
plagioclase inclusions are well rounded and might be trapped melts. Others show 
sharp boundaries and more prismatic shapes indicating that these might have been 
trapped by the pyroxene. Zoning is not obvious in the plagioclase inclusions. Normal 
and patchy zoning is more evident in larger crystals and subhorizons within the TU 
like the TU1 and TU2. What is evident from the textural relationships of orthopyroxene 
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is that there is more than one generation of orthopyroxene in the TU; primary cumulate 
and later interstitial recrystallized and/or a possible trapped melt phase.   
 
 
Figure 6.21 A-D: BSE and SE images of plagioclase inclusions in pyroxene illustrating 
the verity, shape and types of inclusions within a single sample (FT1012, 55.00 m). Note 
zoning in A.  
 
6.1.4 Clinopyroxene: (Ca, Mg, Fe, Al)2Si2O6 
 
6.1.4.1 Clinopyroxene types, phase association and chemistry  
 
Clinopyroxene is most commonly interstitial but appears as a cumulate phase in the 
gabbros and gabbronorite of TU1. Clinopyroxene is typically altered to amphibole, 
chlorite and serpentine minerals in the TU and exsolution is a prominent feature. In 
TU1 the clinopyroxenes are medium to coarse grained with irregular shapes and 
contacts. Most contacts with the surrounding phases are sharp or straight. However, 
some of the clinopyroxenes are interstitial and has reaction boundaries with 
plagioclase or contains small inclusions of plagioclase. Clinopyroxene is also found 
here as inclusions in orthopyroxene and plagioclase. These lithologies have a variety 
of recrystallisation textures like rounded, embayed and zoned plagioclase. 
Clinopyroxene is absent in the TU2 subunit but might be overprinted by the pervasive 
alteration. In the TU3 subunit clinopyroxene is found as random distributed interstitial 
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mottles (patches) or around all phases. In TU4 clinopyroxene occurs as both a 
cumulate and interstitial phase. In peridotite at the TU3-TU4 boundary clinopyroxene 
occurs around (sometimes forms rims around) olivine and as irregular shaped and 
distributed phases in the orthopyroxene host. The clinopyroxene looks like it formed 
later and is filling in voids rather than being a primary phase that is incorporated by 
the orthopyroxene phenocryst. 
 
Clinopyroxene (Mg# = 76-84, avg.= 80) in the TU is diopside>augite (aegerine-augite) 
dominant (Figure 6.17). Clinopyroxene composition does not seem to be a function of 
lithology or depth but could, like orthopyroxene, be linked to the textural relationship 
of the pyroxene. Clinopyroxene is slightly more Mg rich in some ultramafic lithologies. 
Clinopyroxene is strikingly similar to MZ values (Mg#=73-77, avg.= 76) (see Figure 
6.17 and 18). The MZ, below the TU, is characterised by augite>diopside. 
Clinopyroxene forms the cumulate phase in the MZ and is more augitic.  
 
6.1.4.2 Clinopyroxene micro textures, grain size and morphology 
 
Texturally clinopyroxene is found as mottles>cumulus>interstitial phase (Figure 6.22). 
Mottles are either phenocrysts (>5 mm) with inclusions (Figure 6.22 B and E) but are 
most commonly found as fine to medium sized interstitial mottles (Figure 6.22 D). 
Clinopyroxene is usually fresher than the surrounding phases (see for example Figure 
6.22 A, D). Clinopyroxene does not form reaction rims around olivine and very rarely 
mottles / mantles around olivine.  
 
6.1.4.3 Plagioclase inclusions in clinopyroxene  
 
Clinopyroxene occurs as mottles in the TU3 and TU4 (Figure 6.22 and 6.23). These 
mottles (together with orthopyroxene mottles) occurs over the entire TU3 giving it a 
very prominent appearance in core and thin section. The mottles are less altered than 
the surrounding phases. The clinopyroxene mottles must therefore be later than 
plagioclase - olivine ± orthopyroxene. The mottles are slightly more Fe-rich than other 
clinopyroxene in the TU. However, the chemistry is not much different from cumulate 
and interstitial phases or the MZ below (Figure 6.18).  
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Figure 6.22 A-F: Micrographs of clinopyroxene mineralisation and textures in the 
Troctolite Unit and Main Zone. A) Interstitial clinopyroxene in highly altered olivine-
gabbronorite in the TU2 (JD42, 234.89 m), B) large clinopyroxene mottle with 
plagioclase inclusions/ chadacrysts with reaction/ embayed boundaries (JD34B, 142.87 
m), C) clinopyroxene phenocryst in pyroxenite in TU4 (FT1034, 86.34 m), D) small 
interstitial clinopyroxene forming a large patchy mottle, anorthosite (JD33, 82.82 m), E) 
clinopyroxene mottles in the mottled anorthosite that forms the contact between TU4a 
and b (FT1030, 82.44 m), F) clinopyroxene with reaction textures and plagioclase 
inclusions in TU4 (JD01, 80.35 m).  
 
Evidence of the clinopyroxene mottles being later includes: 1) plagioclase inclusions, 
2) plagioclase inclusions with rounded and irregular habits and boundaries / rims, 3) 
plagioclase inclusions with deformation twinning (Figure 6.22 E), and 4) does not form 
reaction textures around olivine.  
 
 
Figure 6.23: Micrographs and element map illustrating the different composition 
pyroxene mottles in troctolite of the TU3 (FT4201, 86.12 m). Please see Supplementary 
Appendix 10 for enlarged element map. 
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6.1.5 Amphibole 
 
Amphibole is found throughout the TU, irrelevant of depth or lithology. Amphibole is 
found in the TU as: 1) secondary phase (Figure 6.24 E), especially in more mafic 
lithologies like pyroxenite and is less altered than surrounding phases, 2) as the 
alteration product of pyroxene, uralite (Figure 6.24 A and C), 3) laths on the edges of 
olivine and inside some polyphase inclusion in olivine (Figure 6.24 B, E and F), 4) 
mottles, 5) alteration zones of calc-silicate xenoliths and 6) secondary veins.  
 
Amphibole is most abundant in the TU2 horizon (felsic, leuco- and mafic lithologies), 
the biotite-rich layers of TU3, the pegmatoidal layer in TU3d (~90 m in VSF2) and 
more mafic / ultramafic lithologies. The association with olivine is also found 
throughout the less altered TU of BV1 and must be a primary feature associated with 
olivine mineralisation. For example, amphibole is mineralised as small laths (<100 
µm) in inclusions in olivine and/or on the edges of olivine (<< 500 µm) (Figure 6.24 B, 
D and F, 6.13 A and F). Amphibole, likewise, has a strong association with zoned 
plagioclase, pegmatitic lithologies, biotite, talc-serpentinitation and oxidised 
sulphides.  
 
 
Figure 6.24 A-F: Micrographs of amphibole mineralisation and textures in the Troctolite 
Unit. A) Amphibole in the felsic replacement horizon (TU2) (FT4208, 230.60 m), B) 
amphibole inside interstitial olivine in TU3 (FT1093, 189.00 m), C) uralite in the biotite-
quartz-amphibole layer in TU3 (JD39, 159.40 m), D) amphibole inside a inclusion found 
in interstitial olivine of TU3 (JD05, 136.05 m), E) amphibole in the upper pegmatite layer 
in TU3 (FT4203D, 90.73 m), F) amphibole sitting on the edge of interstitial olivine (JD01, 
80.35 m).  
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6.1.6 Biotite 
 
Biotite occurs in most of the TU (Figure 5.11) and is found as massive 
oikocrysts>small laths>on the rims of interstitial olivine>in inclusions in olivine (rare) 
(Figure 6.25). Biotite tends to be fresher than the surrounding phases and lacks zircon 
inclusions or radiation haloes.  Biotite was only found in one sample (<1% modal) of 
the MZ analysed. Biotite includes phlogopite (Mg-rich biotite), no distinction was made 
between the two minerals as they form a continuum.  
 
The TU consists of <0.5 modal % (avg.) biotite. Biotite is found as small laths (<1 mm) 
on the edges of olivine crystals over the entire TU. Coarse biotite is common in 
pegmatitic lithologies with evidence of fluid activity, at and around the changeover 
between subunits of the TU, within subunits and around xenoliths (Figure 6.25 C).  
 
 
Figure 6.25 A-D: Micrographs of biotite mineralisation and textures in the Troctolite 
Unit. A) Biotite mineralisation in olivine-poor gabbro of the TU1 (FT1144, 257.89 m), B) 
biotite with undulating boundary with zoned plagioclase altered norite in TU1 (FT1136B, 
~249.30 m), C) large interstitial biotite in the reaction zone around calc-silicate xenolith 
in TU3 (JD38, 120.14), D) massive biotite phenocrysts in the TU3b (JD39, 159.40 m).  
 
In the TU3b (159.40 m) biotite occurs as large phenocrysts or patches of up to 50 mm 
in diameter (Figure 5.15 B, 6.25 D). Similar biotite pegmatites are present in both the 
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VSF2 and BV1 (Figure 5.30 G and H). In thin section the large biotite crystals have 
plagioclase inclusions which have irregular shapes and contacts with the biotite and 
are smaller than the surrounding plagioclase (Figure 6.25 D). These regions are also 
rich in amphibole, quartz and rarer apatite. Biotite (<1%) is found in the harzburgite, 
stratigraphically below the TU3-TU4 boundary. In subunit TU4a the pyroxenite 
(~86.30-86.70 m, Figure 11.6 G and H) above the TU3-TU4 contact also has 
prominent and coarse biotite mineralisation. The pyroxenite has various degrees of 
alteration with some chlorite and amphibole. 
 
6.1.7 Quartz 
 
In the felsic horizon of the TU2 subunit quartz is a later/ late stage phase and is 
mineralised as myrmikitic textures, granular and interstitial phase (Figure 6.26 and 
6.28). Quartz also occurs in the TU3 associated with large biotite phenocrysts and 
pegmatite pods of hydrous minerals (Figure 6.26 D and 6.25 D). This region is also 
rich in apatite and amphibole. Quartz overprints or reacts with plagioclase and most 
probably formed syn-biotite. Quartz, irrelevant of texture and depth, is rich in fluid 
inclusions, see Section 6.3.2. 
 
 
Figure 6.26 A-D: Micrographs of quartz illustrating the different micro textures of quartz 
in the Troctolite Unit. A) Foliated felsic layer at the bottom of the felsic replacement 
layer in TU2 (FT4208, 230.60 m), B) Quartz in the felsic replacement layer with granular 
and myrmikitic textures (JD27A-C, 229.15 m), C) Myrmikitic textured quartz in the 
reaction zone between the felsic replacement layer and troctolitic lithologies above it 
(FT4206, 229.03 m), D) quartz overprints plagioclase and probably occurred syn-biotite 
in the biotite-rich thin layers in TU3 (JD39, 159.40 m).  
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6.2 Accessory minerals 
 
Accessory minerals include apatite (Ca5(PO4)3F), titanite (CaTiSiO3), zircon (ZrSiO4), 
monazite ((Ce, La, Nd, Th)PO4), baddaleyite (ZrO), thorite ((Th,U)SiO4) and calcite/ 
dolomite (CaMgCO3) and are widely distributed in all lithologies in different 
frequencies and sizes.  
 
6.2.1 Apatite: Ca5(PO4)3(F, Cl, H2O) 
 
Apatite (Ca5(PO4)3(F,Cl, H2O)) is a secondary (interstitial) mineral in the TU. It tends 
to occur in lithologies of coarse to very coarse (to pegmatoidal) grained nature and/or 
rich in hydrous minerals such as biotite (phlogopite), amphibole and ± quartz. These 
tend to be large crystals of >1 mm (up to >2 mm) in diameter and tend to be rounded 
to lath/ tabular shaped (Figure 6.27). Smaller, rounded, grains (<<1 mm) of apatite 
are scattered throughout the TU, with some found inside interstitial olivine (apatite 
<200 µm, very rare) and interstitially between framework (cumulate) phases. Some 
larger apatite appear clouded possibly due to fluid inclusions. 
 
Apatite is found in olivine-rich and poor lithologies and irrelevant of the grain size or 
stratigraphic position in the TU. Large apatites (<1 to >2 mm) (Figure 6.27 C and D) 
are present in the very coarse to pegmatoidal troctolite in the upper parts of TU3 
(~90.77 m, ±0.5 m thick) and felsic horizon and surrounding mafic reaction zones in 
TU2 (Figure 6.27 A and B). Interestingly, in both cases (mafic, leucocratic, felsic and 
mixed lithologies), apatite is associated with BMS and/or oxides (magnetite or 
ilmenite) or partially attached to it (see for example Figure 6.27 C and Figure 6.28).  
 
Apatite was not actively searched for and was only recorded when found. Even by 
this restricted search, apatite was found throughout the TU1-4. It was found to be 
present in olivine-rich and poor lithologies, in a variety of grain sizes and associations. 
Given the limited nature of the current search it is highly likely that the TU is richer in 
apatite than presented here. Semi-quantitative analyses of apatite, determined by 
EDS-SEM, is given in Supplementary Appendix 13. 
 
135 
 
 
Figure 6.27 A-F: Backscatter electron (BSE) images of apatite in the Troctolite Unit of 
the VSF2 and BV1 boreholes. A) Apatite associated with BMS mineralisation in the 
pegmatoidal horizon (FT1128, 234.29 m), B) Large apatite, with areas of higher Cl 
content and REE-rich minerals, in the lower mafic-felsic reaction zone (FT4208, 230.60 
m), C) Zoned apatite in the biotite-rich layers of the TU3 (JD39, 159.40 m), D) Apatite 
associated with biotite in a troctolite sample of the TU3 (FT1076, 157.98), E) Apatite 
attached to magnetite and BMS in very coarse (to pegmatoidal) troctolite in TU3 
(FT4203D, 90.775 m), F) Pocket of biotite-apatite-pyroxene in interstitial olivine in 
troctolite of the BV1-TU1 (BV22, 2915.78 m). See Supplementary Appendix 13 for semi-
quantitative analyses of apatite.  
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Figure 6.28: BMS and apatite in the reaction zone between the felsic layer and troctolite 
stratigraphically below/ and above it. Note the association between apatite (purple) and 
BMS (orange and red). See Supplementary Appendix 10 for enlarged element map.  
 
6.2.2 Calcite and other carbonate phases 
 
Calcite mineralisation occurs as (see Figure 6.29 A-F): 1) associated with calc-silicate 
xenoliths and the reaction rim with the surrounding TU, 2) secondary calcite (and 
quartz) veins, 3) associated with the felsic replacement horizon and, 4) very rarely as 
interstitial phase in troctolite (Figure 6.29 E). The minerals were identified by their 
distinct cleavage and twinning and was unfortunately not analysed with EDS-SEM. 
Calcite can therefore be any continuum of carbonate minerals including dolomite. 
Calcites, irrelevant of texture association, are rich in fluid inclusions.  
 
6.3 Preliminary study on fluid inclusions  
 
The TU in both the VSF2 and BV1 is rich in fluid inclusions. The inclusions are found 
in olivine, plagioclase, quartz, calcite, apatite and ±pyroxene. Inclusions are more 
obvious in the BV1 as it is less altered and overprinted by alteration than the VSF2. 
Fluid inclusions also occur in the MZ (<100 m) below the TU. Unfortunately, the 
significance of these inclusions was only recognised late in the study and they await 
detailed study to determine their temperatures and composition(s). Preliminary 
descriptions of inclusions in selected samples are presented below as a guide for 
future work.   
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Figure 6.29 A-F: Micrographs of the calcite (possibly dolomite) found in the TU. A) 
Interstitial calcite in the TU1, B) Calcite and amphibole in a calc-silicate xenolith in TU2, 
C) Calcite with chlorite reaction rim in the lower reaction zone of the felsic feature and 
more mafic lithologies below, D) Calcite-amphibole-ilmenite in the upper reaction zone 
contact of the felsic feature with troctolite above, E) Interstitial calcite in troctolite of 
TU3, F) Calcite nodule in a reaction zone of calc-silicate xenolith with troctolite (TU3).  
 
Fluid inclusions were imaged using a standard bench transmitted light microscope 
and camera, at 20-40 times magnification with the condenser in position. No 
distinction was made on the type, generation, composition or shape of the inclusions. 
A sample suite of 15 (TU and MZ) was used for detail analysis and description below.  
 
6.3.1 Fluid inclusions in the Main Zone 
 
Fluid inclusions are found in plagioclase and pyroxene in the MZ directly below the 
TU (±400-500 m in VSF2) (Figure 6.30). Unfortunately, no samples from the MZ 
stratigraphically below the available field samples could be tested for fluid inclusions.  
Plagioclase-hosted fluid inclusions consist of rounded and irregular shaped vapour, 
liquid and vapour-liquid-(solid) types and are most likely secondary in nature. The fluid 
inclusions (<20 µm) are found in the centre, overgrowths and alteration spots/ patches 
of plagioclase and cross-cuts boundaries (Figure 6.30).  
 
6.3.2 Fluid inclusions in the Troctolite Unit 
 
A variety of types, sizes, morphology and generations of fluid inclusions are 
distinguishable in various minerals in the TU (Figure 6.31 and 6.32). These included 
monophase (either liquid, gas or solid), two phase (vapour or liquid) and three phases 
(solid, liquid and vapour). The inclusions are on average <30 µm in diameter and 
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found as primary (within in growth zones), pseudo secondary (healed fractures) and 
secondary (after crystallisation of the host) features. Morphologically the inclusions 
are more rounded (spherical and oblong) and irregular than tabular. The relative age 
relationships of the different generations of inclusions as well as the composition and 
thermochemistry of the inclusions could not be determined in this study.  
 
 
Figure 6.30 A-F: Micrographs of the variety of fluid inclusions found in plagioclase, and 
pyroxene in the Main Zone below the TU. A and B) Polyphase inclusions in plagioclase 
(BK009, 499.13 m), C and D) Secondary inclusions in pyroxene (BK067, 444.42 m) and 
E and F) secondary vapour and liquid inclusions in plagioclase (BK015, 390.27). 
 
6.3.2.1 Fluid inclusions in plagioclase 
 
Fluid inclusions are present in plagioclase of all the samples analysed (n=9) and can 
be followed over the entire depth of the TU exposed in both BV1 and VSF2.  
 
In the sample selection tested for fluid inclusions the following features are apparent: 
1) Fluid inclusions in the VSF2 in plagioclase (and other phases) are not as 
prominent as in BV1 (possibly as a result of overprinting by alteration).  
2) Framework plagioclase hosts a combination of primary or pseudo 
secondary and/or secondary inclusions.  
3) Primary fluid inclusions are more varied in the centre of large plagioclase 
crystals and consist of solid, liquid and vapour combinations. 
4) Some plagioclase inclusions in pyroxene rather than olivine host fluid 
inclusions.  
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Figure 6.31 A-D: Micrographs illustrating the variety of fluid inclusions found in the 
Troctolite Unit. A) Plagioclase (FT4209, TU2), B) olivine (FT1117, TU3), C) quartz (JD39, 
TU3), and D) calcite (various, TU3).  
 
Primary inclusions in plagioclase are restricted to the centre of the crystals, along twin 
planes and parallel to growth zoning planes. Primary inclusions are irregular shaped, 
are <20 µm in size and consist of vapour-liquid, liquid and solid-liquid-vapour phases. 
Secondary and pseudo secondary fluid inclusions cross-cut growth- and twining 
planes and mineral boundaries. Secondary and pseudo secondary inclusions are 
more rounded to irregular shaped, forms tracks, <20 µm in diameter and consists 
predominately of liquid and liquid-vapour inclusions.  
 
6.3.2.2 Fluid inclusions in olivine 
 
Fluid inclusions are present in interstitial olivine, with and without plagioclase 
inclusions, and are found in all subunits of the TU (TU1-4, see Figure 6.9). Fluid 
inclusions are overall irregular in shape/ morphology, <20 µm in size and consists of 
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a mixture of ±solid-fluid-vapour, fluid-vapour, and single-phase vapour / fluid 
inclusions (Figure 6.31 B and 6.32). 
 
 
Figure 6.32 A-H: Micrographs of the variety of fluid inclusions found in olivine of the 
Troctolite Unit. A-B) Fluid inclusions in olivine inclusion (chadacryst) in orthopyroxene 
(ultramafic, TU2), C-D) and E-F) fluid inclusions in interstitial olivine in the massive 
troctoltie sequence (TU3) and G-H) fluid inclusions in interstitial olivine in the TU4, 
where olivine reappears after a 30 m absence from TU4a.  
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Inclusions in interstitial olivine occurs as clusters or fluid tracks that are randomly 
distributed in the olivine and do not follow any orientation nor are, they linked to 
cracks/alteration in the host.  There is some evidence of crosscutting tracks however, 
inclusion trails do not crosscut mineral boundaries. Moreover, fluid inclusions are 
found in both altered and unaltered olivine in both the VSF2 and BV1 and cannot be 
an artefact of magnetite exsolving from altered olivine.  
 
6.3.2.3 Fluid inclusions in quartz  
 
Fluid inclusions in quartz (Figure 6.31 C) are present throughput the felsic 
replacement layer and its surrounding contact rocks in TU2 and in the biotite-rich 
horizon in TU3. In the felsic replacement horizon inclusions are <20 µm in size, are 
rounded to irregular shaped and consists of a mixture of vapour, liquid, vapour-liquid 
and vapour-liquid-solid. In the biotite-rich horizon fluid inclusions in the secondary or 
infill quartz are rounded and irregular (with some tabular/ prismatic/ rod) shaped and 
are up to 25 µm. The inclusions comprise of vapour, vapour-liquid, vapour-liquid-solid 
and solid types and most likely formed syn- (as a primary and pseudo secondary 
feature) or syn-biotite mineralisation. The inclusions are randomly distributed in the 
quartz and some have tails indicating they have been degassed.  
 
6.4 Deformation and alteration features 
 
Deformation is prevalent throughout the TU and is most evident as kinking and 
bending of plagioclase. Deformation twinning and conjugate sets of deformation 
twinning are common (Figure 6.33 A) and some plagioclase crystals also show 
undulating extinction and zonation (Figure 6.33 B). Both framework and interstitial 
plagioclase exhibit these types of deformation textures. In BV1 samples, large olivine 
and orthopyroxene crystals display plastic deformation with undulating extinction and 
zones of different colour intensities (Figure 6.33 C-D). This is not as obvious in the 
VSF2. Additional evidence of late and post magmatic deformation in the TU includes 
recrystallisation textures, a variety of grain boundaries and contacts (often irregular), 
sharp contacts, roundness of plagioclase, triple points between plagioclase crystals, 
undulous extinction of plagioclase grains and a sense of foliation or compaction 
(Figure 6.33 E-F). 
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Figure 6.33 A-F: Micrographs of deformation features in the Troctolite Unit of BV1. A) 
Deformation twinning and conjugate sets of twinning, also note the rounded habit of 
plagioclase (BV018), B) Zonation and/ or undulating extinction of plagioclase (BV06), C) 
Undulating extinction in olivine with plastic deformation (BV022), D) Undulating 
extinction in orthopyroxene with plastic deformation (BV06), E) Variety of grain 
boundaries and recrystallisation textures (BV03) and F) ‘compaction’ or alignment of 
minerals (BV01).  
 
Alteration minerals included serpentine, talc, chlorite, prehnite, mica and various clay 
minerals. From the alteration assemblages it seems that various fluids have been 
active at different stages of TU formation and evolution. Alteration, together with micro 
textures, comparisons between the BV1 and VSF2, might be used to aid in unravelling 
the sequence of events in the TU. The TU in the VSF2 is more altered than the 
surrounding MZ, with evidence of 3-5 possible alteration events/ stages (Figure 6.34 
A-D) that might be divided as follows: 1) serpentinisation (including chlorite, various 
amphiboles and clay) is especially prevalent/ more intense in ultramafic lithologies 
(Figure 6.35); 2) intense alteration above and below the felsic layer (TU2); 3) alteration 
associated with pegmatitic layers and features, especially massive biotite; 4) low-
medium temperature alteration associated with xenoliths, veins and faults; and 5) low 
temperature alteration of the upper 40 m of the VSF2 core from ground water (Figure 
6.34 E and F).  
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Figure 6.34 A-F: Micrographs of the different stages of alteration in the Troctolite Unit 
(VSF2). A) Low temperature alteration of troctolite (FT1101), B) Intense serpentinisation 
/ alteration of ultramafic lithologies (JD18), C) Alteration of lithologies above and below 
the felsic unit of TU2 (FT1131), D) alteration in pegmatitic (and biotite rich layers or 
pods) with secondary quartz and amphibole (JD39), E) low to medium temperature 
alteration associated with joints, veins and xenoliths (FT1023B) and F) low temperature 
alteration of olivine and pyroxene in the first 40 m of VSF2 due to groundwater (FT1002).  
 
 
Figure 6.35: Micrographs and element map of a sample from TU2 (FT1131) illustrating 
the pervasive nature of alteration in the TU. Note patchy zoning in plagioclase. 
Alteration overprint textures and minerals hindering mineral and rock identification and 
interpretation. See Supplementary Appendix 10 for enlarged element map. 
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The TU in the BV1 is relatively fresh but interestingly shows intense alteration in 
similar areas as the TU-VSF2. Both boreholes contain the same >10 cm thick 
serpentinite layer at the TU3-TU4 contact. The felsic / granitic layers in the BV1 
display some alteration or reaction with the surrounding TU but not to the same scale 
as in the TU2 of the VSF2. Clay alteration on plagioclase is common throughout but 
chlorite and serpentinisation was less obvious in the BV1. Obvious alteration in the 
BV1 was confined to the fault at the bottom of the TU, contacts of felsic intrusions, 
pegmatitic pods / eyes in BV-TU1, and the contact of the BV-TU1-TU2.  
 
6.5 Mineral paragenesis 
 
Results from Sections 6.1-6.4 were combined to determine the different generations 
and sequence of mineral formation. However, mineral paragenesis could have been 
affected by nucleation- and/or growth rates between the different mineral phases, filter 
pressing, the origin of crystals (crystallise in situ or transported), cooling rates and 
later fluid overprint. Paragenesis is based largely on observations within thin sections 
or on a thin section scale.  
 
What is evident form section 6.1-6.4 is that some phases could only have formed by 
fluids either syn- or post TU formation. These associations are included in the 
paragenesis. Evidence of more than one fluid in the TU includes secondary calcite 
and serpentinised veins, different degrees and types of alteration, the abundance of 
accessory minerals like rutile, monazites and baddeleyite, variety of habits of the main 
minerals (suggesting they must have been reworked or melted / recrystallized), the 
widespread development of hydrous minerals such as apatite, biotite, amphibole and 
fluid inclusions in plagioclase and olivine.  
 
The silicate mineral paragenesis of the TU (see Figure 6.36 A-J and Figure 6.37) is 
presented in summary form below. However, not all processes /stages are evident 
everywhere in the TU and it is clear that some processes seem to be localised. The 
numbers relate here to stages in TU formation and not to specific entities such as 
primary or secondary magmatic or metamorphism/metasomatism. 
1) Plagioclase and pyroxene (TU1-4). Plagioclase precedes the growth of interstitial 
olivine and pyroxene (TU1-4).  
2) Interstitial olivine (TU1-4) forms (±symplectite; e.g., JD06). 
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Figure 6.36 A-J: Micrographs illustrating the different stages of mineral paragenesis of 
the Troctolite Unit in the VSF2 and BV1. A-E) Stage 1-5 in the TU of VSF2; A) stage 1 
and 2 (JD06), B) Stage 3 (FT1038), C) Stage 4 (JD33), D) Stage 4 (JD34B) and E) Stage 5 
(FT1131 / JD45A). F-J) Stages 1-4 in the BV1 borehole; F) Stages 1 and 2 (BV09), G) 
Stage 3 (BV07C), H) Stage 4 (BV03), I: Stage 4 (BV12), J) late stage pyroxene 
overprinting BV1.  
 
3) Orthopyroxene rims/ mantles around interstitial olivine and orthopyroxene patchy 
mottles. These orthopyroxene rims sometimes contain plagioclase and/or 
clinopyroxene inclusions. The minerals may appear resorbed (indicating reaction) 
with random shapes wavy / embayed contacts. Orthopyroxene finished growing 
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after olivine crystallised. Olivine is sometimes amphibolised (e.g. FT4203E, 
FT1038 and JD03). 
4) Interstitial clinopyroxene and orthopyroxene, often taking the form of ‘mottles’ / 
develops (e.g. JD33). The clinopyroxene is fresh and unaltered relative to the 
olivine and orthopyroxene that is altered to serpentinite and clay alteration on 
plagioclase (e.g. FT4201B). The mottles can either be patchy (e.g. JD33) or 
appear as pseudo “phenocrysts” (e.g. JD34B). The mottles are likely to have 
formed by trapped melt/s either crystallising in ‘pore’ spaces or reacting with the 
surrounding phases to form pyroxene phenocrysts mottles with inclusions of 
plagioclase and/or olivine.  
5) Late stage fluids alter olivine, orthopyroxene and clinopyroxene to serpentinite, 
talc and chlorite. Possible biotite and amphibole mineralisation (FT1131). 
 
Fluid inclusions are found in the rims/ edges and centres of crystals and cross cuts 
each other indicating more than one generation of fluid. Some fluids are evidently 
either syn olivine formation or aided in olivine formation. The same is true for 
plagioclase. Unfortunately, fluid inclusions could not be analysed in time for this study. 
However, from the preliminary studies (see Section 6.1.1 and 6.1.2) fluids are 
complex and comprises of liquid, gas and solid phases and combinations thereof. 
They clearly warrant further study.  
 
 
Figure 6.37: Silicate mineral paragenesis captured in the massive troctolite sequence 
of the BV1 borehole (BV13): 1. plagioclase + pyroxene, 2. olivine (with or without 
plagioclase inclusions), 3. Orthopyroxene (with olivine, plagioclase and ±clinopyroxene 
inclusions), 4. Clinopyroxene (later) and 5. Alteration and deformation.  
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The paragenesis of plagioclase inclusions in olivine and pyroxene could not be 
determined without reasonable doubt. The inclusions in olivine could either have been 
pre-existing solid crystals captured / incorporated by the olivine or might be 
crystallised trapped melt. Plagioclase inclusions in pyroxene most probably formed 
before the pyroxene host as they show evidence of melting (eaten away with embayed 
contact) and a variety of crystal sizes and shape/ morphologies (tabular to well-
rounded to amoeboidal). In addition, some inclusions are polyphase and are rich in 
hydrous minerals. The pyroxene did not form syn-plagioclase but after and most 
probably represents a trapped melt.  
 
6.6 Key changes in mineralogy between the TU and 
Main Zone 
 
The MZ below the TU is less altered than the TU. Textures are simpler and overall 
cumulate in nature (Figure 6.38 A-E) with plagioclase as the cumulus phase and a 
stronger sense of mineral alignment than observed in the TU. The MZ is largely devoid 
of recrystallisation and/or replacement textures and, lacks zoning (see also Figure 
6.2) in plagioclase and hydrous minerals like amphibole and biotite. Pyroxene content 
and the dominant type varies throughout the studied MZ interval, but as a rule 
clinopyroxene abundance exceeds that of orthopyroxene (Figure 6.38 A-E). 
 
The colour index calculated from the CIPW norm of the MZ below the TU averages 
~23 (range= 4-65, n=53). The colour index of the TU sampled in VSF2 ranges 
between ~4 and 93 with an average of ~44 (n=115). The TU colour index of BV1 (this 
study) averages ~34 (range= 3-88; n= 22) as opposed to ~50 reported by Ashwal et 
al. (2005) (method not stated). The felsic replacement horizon in VSF2 was 
incorporated into the colour index calculations.  
 
Micro texture studies from Section 6.1-6.5 on individual minerals show that the TU 
records a varied and complicated crystallisation history. It is important to recognise 
that some textures are found throughout the TU whilst other are very specific to, or 
more pronounced in, certain subunits. The TU1 is characterised by the appearance 
and disappearance of olivine. The TU2 is distinguished from the TU1 by a change to 
orthopyroxene dominant lithologies and the appearance of replacement textures. The 
TU3 is unique with its mottled appearance throughout and displays more than one 
type and generation of mottles. The TU4 is also mottled but less intensely than the 
TU3 and olivine disappears and reappears again with similar textures to the TU3. 
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Common lithologies and textures can be traced between the subzones of the VSF2 
and BV1 boreholes. 
 
 
Figure 6.38 A-E: Micrographs and element map of Main Zone (below the TU) textures. 
A) Example of ‘typical’ Main Zone gabbronorite and textures (BK015). Unfortunately no 
orientation on sample. The boxed area represents the element map. B) Alignment 
nature of crystals (BK071A); C) plagioclase (BK016), D) orthopyroxene (BK014), E) 
clinopyroxene (BK072).  See Supplementary Appendix 10 for enlarged element maps. 
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Chapter 7 
Whole-rock geochemistry of the Troctolite Unit 
and Main Zone 
 
Whole rock and mineral geochemistry of the Troctolite Unit (TU) and Main Zone (MZ) 
stratigraphically below it was analysed in the VSF2 and BV1 boreholes as well as MZ 
and TU field samples. Whole rock and PGE geochemistry was used to characterise 
the TU geochemically for the first time and so establish: 1) fractionation of trace 
elements within the TU (between subunits and individual lithologies), with depth and 
relative to the MZ; 2) track possible contamination and the effects of younger 
intrusions within the TU; 3) use geochemistry to determine magmatic processes 
active in the TU and possible ‘cycles’ (fractionation from mafic to less mafic 
lithologies); 4) establish base and precious metal enrichment in the TU and 5) 
determine how similar or different the TU is to potential source magmas of the 
northern limb (B1, B2, B3).  
 
Whole rock geochemical data from the VSF2 borehole were compared with TU field 
samples and the BV1 borehole, to show: 1) whether the trends seen in the VSF2 are 
overprinted / affected by later alteration compared to the fresher BV1 borehole; 2) 
how the geochemistry of the TU differs along strike; and 3) pick-out localised 
processes in each borehole. The BV1 sample set was limited to TU and MZ material 
available when this borehole was sampled by the author in December 2016. Some 
units had been completely removed by previous workers and could not be analysed.  
Materials and Methods followed are given in Appendix A and B. Metadata for this 
chapter are provided in Appendix E and Supplementary Appendixes 14, 15 and 16. 
 
7.1 Major, minor and trace element enrichment trends 
in the TU and Main Zone 
 
Whole rock data were plotted as downhole plots (Figure 7.1) relative to depth in the 
VSF2 borehole to show the trends with depth, variation with TU subunit as well as 
with rock type and modal mineralogy. However, some ratios were plotted as binaries 
to show fractionation trends or comparison to the northern limb and greater Bushveld 
Complex. Field samples and BV1 samples were also plotted relative to the VSF2 
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dataset to make a direct along strike comparison and show how the TU as a whole 
differs relative to the MZ. The signatures of various Bushveld magmas (B1-3) are 
plotted as vertical lines on the downhole plots. Methods and calculations followed to 
calculate the depth of BV1 samples in the VSF2 are given in Appendix B.  
 
7.1.1 Major elements 
 
Geochemical profiles for selected major and trace elements and element ratios 
through the TU and in the MZ below are shown in Figure 7.1 and Figure 7.3. With the 
exception of short lived variations at the base of TU1, the felsic unit (TU2c) and the 
base of TU4, whole rock Mg# and Ca# show little contrast between the TU and the 
underlying MZ. Whole rock geochemistry echoes mineral trends (see Chapter 6 and 
8) with whole rock Al2O3 concentrations (as well as the Ca/MgO ratio) an obvious 
indicator for plagioclase. Many highly serpentinised units that were originally logged 
and classified as ultramafic contains up to 10 wt.% Al2O3 and were reclassified as 
olivine-gabbronorites to reflect what must have been a significant primary feldspar 
component (Figure 7.2). This indicates that, despite the masking effects of secondary 
serpentinization, true harzburgites or pyroxenites are rare and there is a danger that 
logging without accompanying geochemistry may significantly overestimate the true 
proportion of genuinely ultramafic rocks in the TU.  
 
Clinopyroxene-rich lithologies occur in the MZ and in the TU1 and TU4 that 
respectively precede and follow orthopyroxene-rich units in TU2 and TU3. This is 
mirrored in the bulk Ti concentrations except where this is skewed by the presence of 
ilmenite (e.g. at the top of TU1 and in TU2c) (Figure 7.1). 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 (next page): Major element bulk rock geochemistry of the Troctolite Unit and 
Main Zone (hydrous values). Symbols for all figures are the same: the VSF2 (solid grey 
circles), BV1 (green triangles), Main Zone (solid= in situ and open symbols= float/ not 
in situ).  
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Figure 7.2: Binary graph of Al2O3/MgO, compared to mineral chemistry field (average 
values), illustrating the relatively high Al2O3 (proxy for plagioclase) concentration of 
Troctolite Unit (VSF2 and BV1) lithologies, especially in melanocratic (>3-10 wt.% Al2O3) 
and ultramafic rocks (<3 wt.% Al2O3).  
 
7.1.2 Minor- and trace elements 
 
Strontium concentrations decrease from the MZ (avg.= 268 ppm) to the TU (avg. = 
183 ppm) (Figure 7.2). The decrease in Sr concentration can be attributed to a 
decrease in the modal% plagioclase in the TU. The same is true for internal Sr 
variations within the TU. Mafic and ultramafic lithologies are picked out by unusually 
low Sr relative to the average and more leucocratic lithologies by an increase in Sr.  
 
Zirconium and Y, Hf, Ta and Nb, are highly incompatible elements in mafic systems 
and tend to concentrate in the interstitial liquid. The majority of TU samples measures 
within and below (avg.= 20 ppm) MZ values (<50 ppm, Van Tongeren et al., 2010; 
<15 ppm in the MZ below the TU).  Extreme outliers (>300 ppm) can be linked to the 
felsic layer and its surrounding reaction and pegmatoidal layers in TU2 and lesser so 
in the thin pegmatoidal troctolites in TU3 (~90.75 m) (Figure 7.3). The TU of the VSF2 
is rich in zircons (<<10 µm) and other minerals that hosts a variety of REEs and 
incompatible elements including baddeleyite, monazite and apatite, sphene and ± 
thorite. Increases in these elements can be linked to secondary fluids as increases 
(>20 ppm) are closely associated with intensely altered lithologies, faults, joints and 
veins. 
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Figure 7.3 (previous page): Minor and trace element bulk rock geochemistry of the 
Troctolite Unit and Main Zone. Symbols are the same as Figure 7.1. 
 
Bulk Ba in the TU of the VSF2 borehole (avg.= 55 ppm) measures on average lower 
concentrations than the MZ. An increase in Ba (>100 ppm) is linked to more 
plagioclase rich lithologies (anorthosite) and the pegmatoidal horizon in TU2 (Figure 
7.3). Ba outliers at 130.72 m and 83.53 m (>200 ppm) are an artefact of alteration 
with amphibole veins and secondary biotite (Ba readily substitutes for K in micas).  
 
7.2 Compatible element enrichment and fractionation 
in the TU and Main Zone 
 
Elements such as Cr, Ni and Co are highly compatible and are used as indicators of 
possible new magma input and/ or fractionation processes. The TU (VSF2>>BV1) is 
enriched in Cr, Ni and Co relative to the underlying MZ (Figure 7.4 and Table 7.1) but 
this enrichment is not clearly linked with changes in mafic-ultramafic lithologies as 
might be expected.  Compatible element enrichment was evaluated between the TU 
in the VSF2- and BV1 boreholes and the MZ (this study and others on the MZ) to test 
if the observed patterns might be due to: 1) different degrees of alteration of the VSF2 
compared to the BV1 (see Chapters 5 and 6); 2) a function of the primary TU formation 
process; or 3) upgraded or enhanced by localised secondary processes. Ni and Co 
seem to be hosted in silicates rather than sulphides (see Chapters 8 and 9). The TU 
has small disseminated BMS (<<1%) and oxides (no chromite, only Cr-rich magnetite) 
but these are not common enough to justify the relative enrichment factors measured 
in the TU.  
 
For binary plots data was sorted according to stratigraphy (TU or MZ) and more 
detailed plots related to TU subunit (TU1-4) and lithology. Lithologies were grouped 
into anorthosite, olivine-rich gabbro/norite/gabbronorite/troctolite, olivine-poor gabbro/ 
norite/gabbronorite, melanocratic (Al203= 3-10 wt.%), ultramafic (Al203 <3 wt.%), felsic 
rocks and xenoliths. Groups were kept to a minimum to avoid clustering of data points 
and so masking trends. 
 
 
 
 
Figure 7.4 (next page): Heavy metal enrichment in the Troctolite Unit (VSF2 and BV1) 
and Main Zone. Symbols are the same as Figure 7.1.
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Table 7.1: Element enrichment of the Troctolite Unit (VSF2 and BV1) and the Main Zone 
below compared to the Bushveld source magmas B1 (LZ) and B3 (MZ and UZ) and Main 
Zone. Lithologies of the felsic horizon in VSF2 was included as they are seen as part of 
the TU and not a later intrusion. Bellevue TU data was determined during this study 
(granites were removed from the BV1 dataset). Data for the Lower Main Zone (MO1) 
from Roelofse (2010) and weighted Main Zone averages and B1 and B3 magmas were 
adapted from Barnes et al. (2004; 2010). All values are in ppm.  
 
TU: 
VSF2 
TU: BV1 
MZ: 
below 
VSF2 
Lower 
MZ 
MO1 
B1 
Excl. UM 
B3 
MZ 
weighted 
avg. 
n 112 19 29 156 10 8 2.6 km 
Cr 
Range 
<bdl-
1289 
5-1599 5-129 11-399 392-1874 40-60  
Avg. 185 536 45 123 965 52 107 
Co 
Range 3-727 3-57 6-38 2-91 48-68 41-60  
Avg.  71 27 22 31 59 52  
Ni 
Range 8-10790 7-926 12-190 12-368 165-408 103-163  
Avg.  770 317 90 129 284 133 100 
Cu 
Range 8-2212 6-67 4-96 7-80 39-67 3-249  
Avg. 104 20 34 25 51 46 24 
Zn 
Range 4-154 18-92 15-203 13-121 70-93 41-78  
Avg.  50 47 56 42 80 63  
 
Table 7.1 shows that the TU is enriched in Cr relative to the MZ below (avg. = 47 ppm, 
this study) and the MZ weighted average (107 ppm, Barnes et al., 2004). However, 
Cr enrichment (Figure 7.4) is focussed at the top of the TU and is not clearly linked 
with changes in mafic-ultramafic lithologies as might be expected. More so, the bottom 
of the VSF2 borehole, marking the first olivine-rich lithologies, is not associated with 
an increase in Cr. Cr concentration at the bottom of the TU is surprisingly similar to 
the MZ below (Figure 7.4). Cr concentrations show limited variation throughput the 
TU with strong enrichment only evident in the uppermost TU3 and TU4 subunits. This 
prominent spike in Cr (>1300 ppm) occurs in both the VSF2 and BV1 boreholes. 
 
Elevated Cr (>500 ppm) is not specific to lithology in the VSF2 but outliers (<1000 
ppm) are associated with melanocratic rocks with intermediate MgO contents rather 
than ultramafic rocks (Figure 7.5). In the BV1, Cr-enrichment (>500 ppm) is just as 
much associate with ultramafic lithologies as with mottled troctolite. The second 
highest Cr concentration in BV1 (and in all TU samples analysed; Cr= 1530 ppm) is 
found in troctolite with large orthopyroxene mottles / oikocrysts with inclusions and/or 
chadacrysts of olivine, pyroxene and plagioclase (see for example Figure 5.24 D). 
The TU samples from the BV1 borehole carry similar but overall higher Cr than the 
VSF2 (Figure 7.4). Cr enrichment is not linked to the presence of chromite as the TU 
lacks chromite but has limited small Cr-rich magnetite (up to 10 wt.% Cr; see Chapter 
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9). From trace element enrichment studies on TU silicates it will be shown that Cr-
enrichment is controlled most strongly by pyroxenes and not oxides (see Chapter 8).  
 
 
Figure 7.5 A-C: Bivariant graphs of Cr/MgO illustrating the enrichment in Cr in the 
Troctolite Unit (TU) as a function of: A) stratigraphy (TU or Main Zone), B) TU subunit in 
the TU, and C) rock type in the TU of the VSF2 borehole.  
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The most mafic rocks of the TU are surprisingly poor in Cr (<1000 ppm and many 
<300 ppm Cr; see Figure 7.5). Cr/MgO values for the TU are consistently <80 (Figure 
7.4), beneath the distinguishing value for Critical Zone rocks suggested by Seabrook 
et al. (2005) and there is no systematic correlation between Cr and ultramafic rocks 
in the manner that tends to characterise both the Critical Zone and the Platreef 
(Seabrook et al., 2005; Nodder, 2015; McDonald et al., 2017). For example, Cr/MgO 
maxima at the boundaries between TU1 and TU2 are associated with norites and 
gabbronorites whereas overlying ultramafic rocks have unusually low Cr/MgO ratios 
(ranging 1-25) and none of the harzburgites or olivine melagabbronorites within TU3 
carry elevated Cr. There is an enrichment in Cr/MgO at the TU3-TU4 boundary and 
the whole of the norite-dominated TU4 unit is relatively enriched in Cr compared with 
the more olivine-rich units below (Figure 7.4). 
 
The TU in the VSF2 is enriched in Co (avg. = 71 ppm) relative to the MZ field samples 
immediately below (avg. = 25 ppm), average Lower MZ (avg. = 31 ppm, Roelofse, 
2010) as well as the TU in BV1 (avg. = 27 ppm) (Figure 7.4 and 7.6). Co content 
fluctuates with stratigraphic height but does not show clear fractionation trends 
(Figure 7.4).  
 
 
Figure 7.6: Co enrichment in the Troctolite Unit (VSF2 and BV1) and the Main Zone 
below the Troctolite Unit as a function of MgO (wt.%) content.  
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Overall, Co tends to increase with an increase in MgO in the TU (Figure 7.6), with 
clear outliers and different populations. From Figure 7.6 there are two clear 
populations of Co; defining a lower BV1-VSF2 trend and higher VSF2 trend. The lower 
trend is associated with the BV1 (olivine-rich and poor lithologies) and olivine-poor 
VSF2 samples. The second population is associated with relative olivine abundance 
and outliers (>190 ppm Co) with highly altered and serpentinised lithologies. However, 
there seems to be third factor controlling Co enrichment. Co enrichment cannot solely 
be linked to olivine content (or MgO) as: 1) olivine-rich BV1 samples have lower Co 
concentrations than corresponding lithologies and depths in the VSF2 (Figure 7.4). 2) 
Likewise, trace element enrichment in silicate minerals of the TU (see Chapter 8.2 
and Figure 8.3) has shown Co enrichment in olivine to be very consistent (~300 ppm). 
3)  A wide range in Co for a small range of MgO concentration (e.g. 53- 190 ppm) and 
4) high concentrations of Co can also be associated with low MgO (e.g. mottled 
anorthosite with MgO=1.57; 89.83 ppm Co) and falls outside the overall trend (Figure 
7.6). Variations between the VSF2 and BV1 can therefore not be attributed to olivine 
alone and something else must be upgrading the bulk Co content in the TU of VSF2. 
The most likely source is Co-rich sulphides (see mineralogy and chemistry of BMS, 
Chapter 9) as a greater number of mineralised samples were analysed in the VSF2 
dataset compared to the BV1.   
 
Figure 7.4 shows that the TU in both the BV1 (avg. = 319 ppm) and VSF2 (avg. = 770 
ppm) boreholes are enriched in Ni relative to the MZ (avg. = 90 ppm this study and 
MZ weighted avg. = 100, Barnes et al., 2004) (Figure 7.4). An increase in Ni from the 
MZ can be linked to the presence of olivine as Ni generally correlates with MgO but 
extreme enrichments in Ni clearly deviate from the trend (Figure 7.7) and are possibly 
associated with the presence of sulphides. Copper and Ni peaks converge where thin 
zones of visible sulphide are present at the boundaries of the TU2 and TU3 and TU3 
and TU4 units. The presence of sulphides might also explain the difference in Ni 
concentrations between the TU in the VSF2 and BV1 boreholes (Figure 7.4). These 
zones are highlighted by high Cu/Zr ratios. Strong Ni enrichments occur in the lower 
TU2, upper TU3 and upper TU4 without matching Cu enrichment.  
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Figure 7.7: Whole rock concentration of Ni (ppm) of the Troctolite Unit (grey dots) and 
Main Zone (white diamonds) as a function of MgO (wt.%) compared to the mineral 
chemistry (Fo# and Ni concentration, plotted as areas) of Bushveld olivine, as 
determined by LA-ICP-MS (open triangles= TU-VSF2). Reference data was taken from: 
LZ (blue) (Hubert, 1983); LZ (orange, Godel et al., 2011); Platreef and Flatreef 
(Yudovskaya and Kinnaird, 2010), Uitkomst (Li et al., 2002), TU (BV1, Ashwal et al., 2005) 
and Upper Zone (BV1, Ashwal et al., 2005).  
 
7.3 Incompatible trace element enrichment in the TU 
and Main Zone 
 
Incompatible trace element enrichment ratios and patterns of the TU were used to: 1) 
determine how REE and other incompatibles change within the TU, 2) how similar or 
different the TU is compared to other parts of the MZ including samples below the 
VSF2 (this study), the LMZ (Roelofse, 2010; 2012), the PM (Maier et al., 2001) and 
3) how does it match to the B3 source magma of the MZ (Barnes et al., 2010). 
 
7.3.1 Chalcophile elements 
 
Like Ni and Co, the TU in the VSF2 is enriched in Cu relative to the TU of BV1 and 
the MZ below the TU. The TU is also enriched in Cu relative to the entirety of the 
161 
 
known MZ (LMZ avg. = 25 ppm, Roelofse, 2010 and UMZ= 24 ppm, Barnes et al., 
2004). However, overall TU Cu concentrations are very similar to the MZ of the 
northern limb (Cu= <10 – 100 ppm) with specific regions of elevated enrichment at 
and between the TU2-TU3 and TU3-TU4 boundaries (see Figure 7.4). Copper 
enrichment can be linked to the presence of sulphides (BMS) and possibly 
amphiboles and the break-down or alteration thereof. Cu-rich BMS are found as 
scarce small disseminated phases throughout the TU in VSF2.  In contradiction, the 
highest frequency of BMS are found in less mafic lithologies like anorthosite and 
troctolite and not ultramafic layers. Exactly what is controlling the distribution of BMS 
are not clear as yet and requires further investigation (Chapter 9).   
 
The TU in not enriched in Zn and has very similar concentrations (avg. = 50-47 ppm) 
to the MZ below (avg. = 56 ppm) and the Lower MZ (avg. = 43 ppm, Roelofse, 2010) 
(Figure 7.4). Like Cu, Zn enrichment can be linked to the presence of BMS 
(sphalerite). Spikes in Zn grade are associated with lithologies at and around 
boundary changes of TU subunits (see Figure 7.4).   
  
7.3.2 Rare Earth Elements  
 
Rare Earth Element (REE) and Large Ion Lithophile Elements (LILE) patterns have to 
be interpreted with caution, especially in the VSF2 as: 1) REEs are more compatible 
in pyroxenes over olivine and relative enrichment might be linked to mineral 
proportions; 2) the TU hosts a variety of small randomly distributed REE-rich minerals 
such as monazite, baddeleyite, thorite, sphene and zircon. It has been shown that the 
presence of these minerals can influence fractionation patterns, even at 
concentrations of <1 modal% (see Rollinson, 1993); 3) micas and amphiboles may 
concentrate REEs and parts of the TU are rich is primary and secondary amphibole, 
biotite and phlogopite. 
 
The TU, in both the VSF2 and BV1, and the MZ below is enriched in REEs relative to 
chondrite (>1) (Figure 7.8). REE patterns of MZ samples, below the TU, analysed 
during this study, are fairly uniform with positive Eu anomalies, some relative Nd  
enrichment and are overall more enriched in light REEs (La, Ce, Pr, Nd, Sm, Eu) than 
heavy REEs (Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) (LREE>HREE) (Figure 7.8 C). However, 
REE variations of theses samples occurs over a small and limited range with similar 
shape patterns to the B3 but with overall lower concentrations than B3 (see Barnes 
et al., 2010).  
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REE variation in the TU in contrast occurs over a wide range, from depleted to 
enriched (Figure 7.8 A and B), with a variety of pattern forms, Eu anomalies and 
LREE:HREE ratios. The majority of pattern forms are similar to patterns linked to the 
B3 magma type; LREE>HREE with positive Eu. However, LREE:HREE ratios are 
more fractionated with less samples or very flat patterns. This is echoed by (La/Yb)N 
ratios. The TU has average (La/Yb)N of >6 whilst the B3 and MZ has similar but lower 
values of respectively <4 and <5 (calc. Barnes et al., 2010).   
 
 
Figure 7.8 A-H: Chondrite normalised (Lodders, 2003) rare earth element (REE) 
concentrations of the Troctolite Unit (VSF2 and BV1) and Main Zone (this study) below 
compared to the B3 rocks (Barnes et al.,  2010). A) Troctolite Unit: VSF2, B) Troctolite 
Unit: BV1, C) Main Zone, D) Troctolite Unit: ultramafic and melanocratic lithologies, E) 
Troctolite Unit: olivine-rich lithologies, F) Troctolite Unit: olivine-poor lithologies, G) 
Troctolite Unit: anorthosites and H) Troctolite Unit: felsic lithologies.  
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Selected samples in the TU3 show a positive anomaly for Nd, this is always coupled 
with a positive Eu anomaly and elevated HREEs. The relative increase in Nd might 
be due to Nd substituting for Sm in REE-rich minerals like monazite, as they are 
similar in size.  
 
Europium anomalies (Eu*) in the TU are overall positive apart from some ultramafic 
lithologies and the felsic layer and its reaction zone. This is echoed by chondrite norm 
REE patterns (Figure 7.8). Positive Eu anomalies are most pronounced in anorthositic 
lithologies of the TU (VSF2 and BV1) with LREE>>HREE (Figure 7.8 G). There are 
also quite a few flat patterns with no obvious enrichment or depletion in Eu. These 
are found predominately in the bottom of the TU in the transition zone (TU1) and in 
highly altered lithologies. Negative Eu anomalies in ultramafic and melanocratic rocks 
(Figure 7.8 D) can be linked to the lack of modal plagioclase and timing of plagioclase 
crystallisation within these rocks. Negative Eu patterns might be either due to 
plagioclase being removed from the system, or partial melting of plagioclase rich rock 
(Rollinson, 1993) or the pH-Eh conditions of the magma when it formed; Eu2+ readily 
substitutes for Ca2+ in plagioclase in more reducing conditions, whilst Eu3+ favours 
oxidising conditions. Highly serpentinised ultramafic rocks have very flat patterns; this 
was found in both the VSF2 and BV1 boreholes. This might be due to leaching of 
REEs of the primary formation conditions. Negative Eu anomalies of the felsic horizon 
and surrounding reaction zone are not unusual for felsic rocks. These rocks also show 
extreme enrichment in LREE (>100) >HREE (<100) (Figure 7.8 H). Negative and flat 
Eu anomalies, based on chondrite norm, are found in the TU1. These rocks have 
prominent plagioclase zoning, and large pyroxene phenocrysts with plagioclase 
inclusions. Strong negative patterns are found if the pyroxene has been changed to 
amphibole and large zoned plagioclase laths.  
 
REE patterns varies between TU subunits; TU1- generally flat patterns, TU2- variable 
patterns, TU3- generally positively sloping, and TU4- variable with lithology. As 
mentioned, the TU1 has enriched REEs with flat patterns (LREE-HREE) and slightly 
positive Eu anomalies irrelevant of the depth or lithology in the TU1. Flat patterns 
might be either due to a mixture of rock types analysed (i.e. mixing olivine-rich and 
poor lithologies) in a single sample or how the rocks formed. It must be the latter as 
olivine-rich and poor lithologies analysed separately show similar trends. Variations 
in Eu anomaly in the TU2 can be linked to rock types (felsic, leucocratic, ultramafic or 
mafic), textures and alteration. The TU3 has overall positive Eu anomalies with 
LREE>HREE. Light REE are overall higher than heavy REE but some samples have 
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pronounced higher HREE and/or flatter patterns. Negative and flat patterns are 
associated with ultramafic and highly altered lithologies. The same is true for the TU4.  
 
Incompatible element and ratios such as Ce/Sm (avg. VSF2= 9.7 and BV1= 11.3), 
Zr/Yb (avg.VSF2= 33.8 and BV1= 28.8), U/Yb (avg.VSF2= 0.3, BV1 = 0.3) and Ce/Th 
(avg.VSF2= 15.0 and BV1=10.0) show no systematic variation between the TU and 
the underlying MZ (Ce/Sm avg. = 8.43). A shift in incompatible trace element ratios 
might indicate new magma input or a change in the system. Overall Ce/Sm ratios in 
the MZ, TU1, TU3 and TU4 fall consistently within the MZ range (Ce/Sm= 7.6 or <10) 
established by Maier and Barnes (1998) (Figure 7.9). Values for Ce/Sm are 
moderately increased in the TU2 in proximity to the felsic replacement horizon (TU2c) 
and there is an accompanying increase in high field strength elements (HFSE) such 
as Ti, Zr, Y and Hf reflecting the high proportion of ilmenite found in this subunit. 
Elevated Ce/Sm ratios (>10 and up to 1) are associated with mottled anorthosite and 
troctolite in both the VSF2 and BV1. Zr/Yb, U/Yb and Ce/Th ratios consistently lie 
closer to the B3 (MZ) than B1 (LZ and CZ) magma compositions (Barnes et al., 2010). 
 
 
Figure 7.9: Variation of Sm/Ce of the Troctolite Unit and Main Zone compared to the 
Bushveld lithologies in the western limb (Maier and Barnes, 1998). The shaded area 
represents the Main Zone of the western limb and lines are best fit regressions for the 
Main Zone and Critical- and Lower Zones. Felsic lithologies (from the felsic replacement 
horizon) were not included in the graph.  
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 REE enrichments patterns of the TU are more akin to the MZ with similar enrichment 
factors, positive Eu anomalies and LREE>HREE (see Figure 3 in Maier and Barnes, 
1998 and Figure 9 in Roelofse and Ashwal, 2012) than the Pyroxenite Marker (PM). 
The PM (see Figure 3 in Maier et al., 2001) has overall lower and flat REE enrichment 
(similar LREE and HREE) ratios relative to chondrite and a pronounced negative Eu.  
 
7.3.3 LILE, HFSE and other incompatible elements  
 
The MZ below the TU has overall very similar, and within a narrow range, primitive 
mantle norm patterns with fractionation trends broadly similar to the B3 magma 
(Figure 7.10). Here the MZ is enriched in elements like Pb and LILE (Cs, Rb, Ba, K) 
with neutral to negative Nb (<1) anomalies. This might indicate possible continental 
crust input or contamination.  
 
 
Figure 7.10: Primitive mantle normalised (McDonough and Sun, 1995) incompatible 
trace element concentrations plots of the Troctolite Unit (VSF2 and BV1, dark grey 
shaded) and Main Zone (this study, light grey shaded) below compared to the B3 
magma (dashed line) (Barnes et al., 2010). Felsic lithologies were not included in the 
defined Troctolite Unit (VSF2 and BV1) field.  
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The TU shows a wide range in incompatible element concentration, ratio and patterns 
(Figure 7.10). On primitive mantle normalized plots the TU field covers and exceeds 
those defined by the MZ and the B3 sills but shows many of the same features (Figure 
7.10). However, the TU is depleted in LREE (La, Ce, Eu) and HREE (Tb, Y, Yb, Lu)  
relative to the MZ and B3 and has elevated ratios (and ranges) of LILE (Cs, Rb, Ba), 
K, Pb, Zr, REEs (Th, U) and negative Nb anomalies (relative to mantle and to the MZ. 
Some of these reflect modal mineralogy and the degree to which different amounts of 
olivine, pyroxenes and plagioclase contain REE and other incompatible elements. 
Small scale enrichments in Th, U, Zr and P can be linked to minerals such as 
monazite, thorite and apatite scattered in the TU. An increase in K is due to biotite, 
phlogopite and various amphiboles found throughout the TU and not just in the more 
felsic or pegmatoidal lithologies. The presence of more mobile LILE elements, 
negative Nb anomalies and elevated Pb might indicate fluid working and/or possible 
crustal contamination; small rounded Pb-sulphides (<1 µm) are found throughout TU.  
 
7.4 Whole rock PGE concentrations  
 
The full extent of PGE enrichment within the TU was unclear at the outset of this 
research. Unpublished exploration reports by Bushveld Minerals Ltd. (Cheshire, 
2011) and limited work by Davey (2014); that highlighted two PGE-rich zones in the 
VSF2 borehole. No PGE data existed for the BV1 borehole or any surface samples of 
the TU prior to this work commencing.  
 
Whole rock PGE+Au concentrations were measured in 135 samples from VSF2 and 
BV1 boreholes and various field samples; including post-TU intrusions and xenoliths 
by Ni-fire assay (datasheets are provided in Appendix E and Supplementary Appendix 
16). MZ samples were used to determine background PGE and Au concentrations 
and as a comparator against which to measure metal enrichment and fractionation 
within the TU. Granitic, felsic and xenolith lithologies were used to track the source of 
and possible secondary contamination of PGE+Au in the TU.    
 
A sample was taken every 5-10 m for whole rock PGE assay in VSF2. Sampling 
spacing was reduced or increased in order to cover every subzone and as many 
lithologies as possible. PGE+Au enrichment measured in the less altered BV1 
samples were used compare zones of PGE enrichment and how it differs along strike. 
A sample was taken every 5-10 m in the BV1, with closer spaced sampling around 
the transition between the BV-TU1 and BV-TU2 subunits.  
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Calculated enrichment and fractionation trends are compared against proposed 
Bushveld parental magmas (B1, B2 and B3), PGE reefs and deposits in the Bushveld 
Complex (UG2, Merensky Reef and Platreef) as well as northern limb PGE deposits 
that may have MZ affinities such as the Waterberg Project and the Aurora Project. 
 
7.4.1 PGE concentrations in the TU and Main Zone  
 
The majority (82%) of the MZ samples analysed have <10 ppb total PGE (Table 7.2) 
(see Figure 7.11 and 7.12). The ratio of total PPGE: total IPGE is around 15:1 and 
Pt/Pd ratios are unity (1) or above in the majority of MZ samples (>88%). Total PGE 
concentrations in the TU range between <1 to >12000 ppb, with the majority of the 
samples analysed falling in the < 100 ppb population (77% of the data) or <1000 ppb 
population (87% of the data). Strongly enriched samples (> 2 ppm PGE+Au) made 
up the upper 13% of the dataset. Overall the TU is enriched in PPGE relative to IPGE 
(32:1 ratio). In contrast to the MZ, Pd is generally enriched over Pt in the TU (67% of 
samples analysed). PGE concentration factors for the TU compared to the MZ range 
from 40 to >100 and increase in the order Pd>Pt>Rh>Au>Ru>Ir>Os.  
 
Table 7.2: Summary of PGE enrichment in the Main Zone and Troctolite Unit of VSF2, 
BV1 and field samples. Felsic, granitic intrusions and xenoliths have been removed.  
 Main Zone TU: VSF2 TU: BV1 TU: field  
n 16 65 19 6 
Os (ppb) 
(0.05)* 
(0.02)-0.1 
1.9 
(0.03)-30.2 
2.3 
(0.01)-40.0 
0.5 
(0.03)-1.1 
Ir (ppb) 
(0.07) 
(0.03)-0.1 
4.90 
(0.03)-65.4 
2.47 
(0.04)-41.6 
0.62 
(0.05)-2.1 
Ru (ppb) 
0.2 
(0.05)-0.4 
9.9 
0.21-135.0 
6.7 
0.3-388.8 
2.0 
0.1-5.1 
Rh (ppb) 
0.3 
0.1-0.6 
27.6 
0.1-463.1 
21.8 
0.1-388.8 
4.2 
0.3-17.2 
Pt (ppb) 
2.7 
1.0-6.6 
291.1 
1.30-4875.21 
196.6 
2.0-3014.0 
46.7 
1.6-203.5 
Pd (ppb) 
2.0 
0.3-5.2 
447.2 
0.4-7988.7 
228.2 
0.6-2502.3 
106.8 
1.3-599.8 
Au (ppb) 
0.6 
(0.05)-2.0 
18.5 
0.2-569.6 
3.5 
0.2-12.0 
6.4 
0.2-23.2 
6PGE (ppb) 
5.3 
1.6-13.2 
782.9 
2.2-13557.9 
458.1 
3.1-6074.2 
161.0 
73.7-827.4 
Pt/Pd 1.6 1.6 4.1 1.1 
PPGE/IPGE 15.2 29.1 71.0 30.2 
Cu/Pd 43874 5098  89177 
*Values in brackets falls below confidence; value is <0.1 ppb (data are 100% accurate up to 
0.1 ppb). Please see Appendix E and Supplementary Appendixes for full datasheets and stats. 
Values were not rounded up but rather under reported.   
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Figure 7.11 (previous page): Downhole PGE and Au enrichment in the Troctolite Unit of 
VSF2 and the Main Zone below.  
 
Figure 7.12 (previous page): Downhole 3E (Pt+Pd+Au) enrichment in the VSF2 and Main 
Zone below compared to Cr/MgO, Cu/Ni and Cu/Pd, Pt/Pd and PPGE/IPGE ratio.  
 
Areas of strong enrichment (6PGE+Au >2 ppm) and of extreme enrichment 
(6PGE+Au >10 ppm) in the TU are confined to the TU2 unit, the changeover between 
the TU2 and TU3 and the changeover between TU3 and TU4 units (Figures 7.11 and 
7.12). These correspond with the zones previously identified in the VSF2 borehole by 
Cheshire (2011). The highest PGE grades were recorded in troctolite and anorthosite 
(>10 ppm) with slightly lower maximum grades in harzburgite and pyroxenite (<5 
ppm).  
 
7.4.2 Xenoliths and felsic/granitic intrusions 
 
Assay results show that granites/felsic intrusions (n=10) and TSG xenoliths (n=6) in 
the field area do not carry abnormal PGE or Au concentrations (6PGE+Au < 10 ppb) 
(Figure 7.13). However, some of the calc-silicate xenoliths have 6PGE+Au 
concentrations up to 20 ppb. Granitic/felsic intrusions and xenoliths display similar 
PGE+Au enrichment trends of Pt>Pd>Au>Rh>Ru>Ir>Os to the MZ and have higher 
Au:PGE ratios than TU samples (Table 7.3). There is a weak correlation between total 
PGE concentration and Cu in the granite/felsic intrusions (Figure 7.13) but not in the 
xenoliths.  
 
 
Figure 7.13: PGE+Au/Cu enrichment in xenoliths and granitic and felsic rocks found in 
the Vogelstruisfontein field area. 
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Table 7.3: Summary of PGE enrichment in the granitic and felsic intrusions and 
xenoliths found in the study area and in VSF2 and BV1 boreholes. 
Average and 
range 
 
Granitic and  
Felsic: field  
Felsic: VSF2 
Granitic and  
Felsic: BV1 
Xenoliths:  
field 
Xenoliths:  
VSF2 
n 10 4 3 5 1 
Os (ppb) (0.04)* 
0.1 
(0.05)-0.3 
(0.04) 
0.03-0.06 
(0.04) 0.6 
Ir (ppb) (0.05) 
0.14 
(0.13)-0.1 
(0.05) 
(0.03) -(0.07) 
(0.07) 0.7 
Ru (ppb) 0.2 
3.4 
0.3-8.5 
0.7 
0.5-1.0 
0.2 1.5 
Rh (ppb) 0.1 
0.9 
0.1-2.1 
0.3 
0.2-0.4 
0.3 2.4 
Pt (ppb) 1.6 
11.9 
2.0-22.6 
35.3 
19.1-59.9 
1.9 13.6 
Pd (ppb) 1.3 
45.8 
1.2-75.7 
5.3 
1.4-10.0 
1.3 16.7 
Au (ppb) 
0.7 
0.1-1.6 
1.1 
1.6-1.9 
4.2 
1.4-6.8 
0.5 
0.3-0.8 
2.2 
6PGE (ppb) 
3.5 
1.0-8.6 
62.5 
3.9-109.4 
41.9 
29.4-65.9 
3.86 
1.9-5.5 
35.6 
Pt/Pd 2.6 0.6 11.2 1.5 0.8 
PPGE/IPGE 8.4 14.2 46.0 9.5 11.6 
Cu/Pd 62597   27938  
*Values in brackets falls below confidence; value is <0.1 ppb (data are 100% accurate up to 
0.1 ppb). Please see Appendix E and Supplementary Appendixes for full datasheets and stats. 
Values were not rounded up but rather under reported.   
 
7.4.3 Comparisons between the VSF2 and BV1 boreholes 
 
Similar rock sequences occur in association with a serpentinised layer between TU3 
and TU4 in VSF2 and BV1-TU1 and BV1-TU2 in BV1 (see Chapter 5). These 
sequences both show strong PGE enrichment with similar levels of both IPGE and 
PPGE in the underlying units (Figures 7.11 and 7.12). PPGE:IPGE fractionation in the 
TU of BV1 is more variable but matches with trends measured in the VSF2 borehole 
especially for the TU3-TU4 transition. These results offer additional support for the 
direct correlation between these sequences proposed in Chapter 5 and imply that 
similar lithologies and mineralisation are traceable along strike.  
 
The sequences recorded in the BV1 and VSF2 boreholes show that the bulk of the 
TU is not mineralised but with strong PGE enrichment in certain horizons. In both 
boreholes, the most elevated enrichment (6PGE+Au >2-10 ppm) is associated with 
troctolite and harzburgite lithologies at the TU3-TU4 transition. The base of the BV1 
borehole does not intersect rocks that would be equivalent to the TU1 and TU2 in 
VSF2 and it is likely (but presently unconfirmed) that mineralisation similar to that 
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found in the TU2 unit is also present in the deeper portions of the TU along strike. The 
TU in both boreholes (Figure 7.12) has more variability but generally higher 
PPGE/IPGE and lower Pt/Pd ratios than the MZ. Samples from the BV1 borehole 
have a wider range and generally lower concentrations of Au than the VSF2, 
especially in the high grade TU3-TU4 transition zone.  
 
7.4.4 Relationships between PGE, Mg and Cr 
 
In lava sequences and cumulate rocks, IPGE may display a degree of compatibility in 
olivine, pyroxene and spinel whereas PPGE tend to be incompatible (e.g. Barnes et 
al., 1985). This is manifest as positive correlations between IPGE and MgO (or Mg#) 
on binary plots, with correspondingly poor or negative correlations between the PPGE 
and MgO (e.g. Hughes et al., 2015). In the TU all PGE show very poor correlations 
with MgO, with some remarkably high concentrations of IPGE at very low MgO and 
surprisingly low concentrations of IPGE at high MgO (Figure 7.14). 
 
 
Figure 7.14: Binary graph of IPGE and PPGE vs. MgO. There is no systematic 
relationship between PGE concentration and MgO.     
 
The TU lacks chromite and the generally strong relationship between PGE and Cr 
concentrations shown by the reef type deposits of the UCZ and the Platreef (e.g. 
Kinnaird, 2005; Maier et al., 2008; 2013; Nodder, 2015; Grobler et al., 2018) is not 
evident in the TU (Figure 7.15). PGE enrichment at the TU3-TU4 transition is 
associated with, but not exactly coincident with, an increase in Cr (Figure 7.12) and 
the highest PGE grades found in the TU2 unit are in consistently Cr-poor rocks. These 
unusual relationships between PGE (particularly the IPGE) and MgO and Cr suggest 
processes additional to conventional magmatic fractionation.  
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Cr- and PGE enrichment decouples, with the highest PGE grades found at and below 
changes between lithological subzones and confined to less mafic lithologies (Figure 
7.12). PGE enrichment also decouples with Cr enrichment with PGE preceding Cr 
enrichment (Figure 7.12).  
 
 
Figure 7.15: Binary plot of Cr/3E (Pt+Pd+Au) of Troctolite Unit (VSF2 and BV1) and Main 
Zone samples. There is no relationship between Cr content and PGE enrichment; an 
increase in Cr is not coupled with PGE enrichment.   
 
7.4.5 Relationships between lithology, grain size and PGE 
 
Six out of the nine samples with >2 ppm total PGE are hosted by leucocratic, rather 
than ultramafic rocks and eight out of 13 samples with >0.2 ppm total PGE are within 
leucocratic rocks (Figure 7.16 A). This tendency for PGE grade to favour leucocratic 
rocks distinguishes the TU mineralisation from the UCZ and the Platreef-styles where 
ultramafic rocks and chromitite are usually the major PGE host rocks. The observed 
style is more similar to that described for the Aurora and Waterberg T-Zone deposits 
(Kinnaird et al., 2017; McDonald et al., 2017; McCreesh et al., 2018).  
 
Analysis of any relationship between total PGE grade and average grain size of the 
host rock (Figure 7.16 A) reveals a bimodal distribution of grade for each grain size.  
Medium and coarse grained rocks are dominated by grades of <0.1 ppm whereas all 
of the very coarse grained or pegmatoidal rocks are associated with elevated PGE 
grades (>0.2 ppm). The most mineralised samples with total grades >2 ppm are not 
restricted to any particular grain size so grain size alone is not the controlling factor 
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on PGE grade but it clearly exercises some control and increases the chance that (on 
average) the rock will be richer in PGE.  
 
 
Figure 7.16 A and B: Variation diagrams of PGE concentration as a function of lithology 
and grain size in samples from the Troctolite Unit (VSF2, BV1) and Main Zone. A) 
Average grain size vs. PGE concentration as a function of rock type. B) IPGE/PPGE as 
a function of lithology. 
 
This bimodal relationship is also prevalent in IPGE/PPGE fractionation trends (Figure 
7.16 B). There is an inconsistency between PPGE and associated IPGE 
concentration. This is especially true for ultramafic lithologies. These rocks have an 
overall bimodal enrichment factor with a low and high enrichment sample fraction, 
similar concentrations of IPGE associated with very different PPGE concentrations 
(more than a factor difference, Figure 7.16 B) and IPGE enrichment that is higher than 
leucocratic lithologies with similar or higher PPGE concentrations. High concentration 
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IPGE is not a function of depth or fractionation within the TU; high concentration 
ultramafic rocks occur in the lower part of the VSF2 core in the pegmatoid (TU2) 
(234.56 m) and higher up at the TU3-TU4 contact (88.20 m).  
 
The fractionation trends are unusual and are most probably controlled by an additional 
source or factor. An increase in IPGE might be due to the relative higher modal 
content of pyroxene and olivine in these rocks; pyroxene and olivine will trap 
IPGE>PPGE. This can be ruled out as elevated and depleted ultramafic rocks are 
present in the TU.  Likewise, elevated ratios are found in more leucocratic rocks 
(Figure 7.16 B).  IPGE enrichment must therefore be controlled by a phase that can 
be present in all rock types. The most likely source of IPGEs are BMS or oxides.  
 
7.4.6 PGE in the TU compared with possible parental magmas 
 
The most likely source or parental magma for the TU is the B3 magma (see Barnes 
et al., 2010) based on the stratigraphic position of the TU within the UMZ. The TU 
must have formed, at its current position, coeval or post MZ and should thus have a 
similar source; the B3 is the parental magma to the MZ and UZ. How the TU relates 
to the B1-3 source magmas might be evaluated using Pt/Pd ratios and fractionation 
trends (Figure 7.17).  
 
The TU has very different Pt/Pd trends and ratios relative to the B3, B1 and B2 
magmas (see Barnes et al., 2010). The most obvious difference is dominant PGE; the 
TU is predominately Pd>Pt, with some exceptions, whilst the B1-3 magmas are Pt>Pd 
dominant. The TU have Pt/Pd ratios between 0.04 - >22 (avg. = 1.56), with the 
majority of the sample fraction <1 (Figure 7.17). Dominant PGE (Pt or Pd) changes 
throughout the TU and it does not seem to be linked to lithology, depth or PGE grade 
(see Figure 7.12). TU samples have a bimodal distribution ratio within the sample 
fraction as well as within similar/ limited Pt concentration range (partitioning factor of 
<0.1->10), irrelevant of Pt concentration. Pd/Pt ratios of the TU can be split into three 
populations: a lower (<100 ppb Pt), intermediate (100-1000 ppb Pt) and enriched 
fraction (>1000 ppb Pt). However, Pd scatter and Pd/Pt ratios might likewise be 
influenced or a function of alteration and the relative mobility of Pd to Pt.  
 
TU and MZ samples plot above the initial liquids and are depleted in Pt and enriched 
in Pd. This correlates with MZ and UZ samples elsewhere in the northern limb and 
BV1 borehole (see Figure 11 in Barnes et al., 2004). The TU is likewise enriched in 
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Pd (and Pt) relative to the MZ below (this study, see Figure 7.17) and the MZ 
elsewhere.  
 
There seems to be an excess of Pd in the TU not only relative to the B1-3 magmas 
but in general (Pd/Pt>1-10). The B3 magma cannot possibly have yielded the ratios 
and concentrations measured in the TU. TU ratios cannot be pure magmatic. 
Something must be upgrading the ratios to cause the enrichment factors and irregular 
and bimodal trends in the TU.  
 
 
Figure 7.17: Pd/Pt enrichment in the Troctolite Unit (VSF2 and BV1) and Main Zone. The 
Troctolite Unit is overall enriched in Pd (Pd:Pt>1) relative to Pt and compared to initial 
Bushveld liquids. Reference data from Barnes and Maier (2004).  
 
Low Pt/Pd ratios are somewhat unusual as the Bushveld Complex is characterised by 
high and overall Pt>Pd ratios (Maier et al., 2008 and the references therein). However, 
relatively low Pt/Pd (>1) ratios are found in contact style mineralisation in the Bushveld 
and the Platreef (see Figure 7.17) (Maier et al., 2008). The increase in Pd relative to 
Pt in the TU might be due to: 1) a fractionated magma source with Pd>Pt (Barnes et 
al., 2004), 2) enrichment (mobilise Pd and ±S) by late magmatic or hydrothermal fluids 
or melts (Harney and Merkle, 1990 as cited in Barnes et al., 2004; Maier et al., 2008), 
3) Pd loss and/or gain caused by fluids coming from devolatised sediments (Maier et 
al., 2008) or 4) by a sulphide liquid rich in PGE (Barnes et al., 2004).  
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Chapter 8 
Trace element mineral chemistry of the 
Troctolite Unit and the Main Zone 
 
Trace element chemistry of silicate minerals from the TU and MZ was analysed in 
33 samples from the VSF2 borehole and four MZ field samples using LA-ICP-MS. 
This study was based on a similar study by Tanner et al. (2014) on the BV1 
borehole, covering part of the TU, the Upper MZ and the UZ. Here, we compare 
trace element results between the VSF2 and BV1 and fill in some of the TU 
stratigraphy not analysed in BV1. Trace element concentrations were also analysed 
for the MZ immediately below the TU. This was a first time study on this region of 
the northern limb stratigraphy and served as comparison for TU samples. Mineral 
trace element studies like Tanner et al. (2014), and this work, have yet to be 
undertaken in detail elsewhere in the Bushveld Complex. There is thus no direct 
comparative trace element data within the greater Bushveld and results can only be 
discussed within the context of the northern limb for now.   
 
Trace element geochemistry of silicates (plagioclase, olivine and pyroxenes) was 
used to: 1) determine trace element mineral enrichment in the TU and the MZ 
immediately above and below, 2) link with whole rock geochemistry analysis to track 
the host phases for element enrichment, and 3) determine what is controlling trace 
element enrichment/ fractionation in the TU; is it a function of depth, lithology (modal 
mineralogy) or texture. 
 
Data are plotted predominately as downhole plots to show the changes and 
relationships in mineral chemistry with stratigraphy (MZ-TU), depth in the TU (and its 
various subunits), modal mineralogy and lithology. The data are further split 
according to key textures, identified in Chapter 5 and 6, to determine textural and 
trace element relationships. It was not always possible to analyse the core of 
minerals as some units in the VSF2 are highly altered. However, the freshest or 
most unaltered samples and unaltered regions within minerals were analysed as far 
as possible (see methods Appendix A). Analyses are corrected as far possible to 
compensate for alteration minerals and fluid inclusions. Full data sets for 
plagioclase, olivine, ortho- and clinopyroxene are provided in Supplementary 
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Appendix 17. VSF2 depths are recalculated relative to the BV1 borehole, see 
Appendix A and B for calculations.  
 
8.1 Plagioclase 
 
Trace element data of plagioclase consisted of 33 TU samples (n= 171) and 
included framework (cumulate), interstitial and plagioclase inclusions in olivine and 
pyroxene (Figure 8.1). Samples from the MZ consisted of 4 samples (n=23) with 
cumulus plagioclase.  
 
Some key observations from Chapters 6 that needs to be taken in consideration 
when interpreting trace element enrichment of plagioclase: 
1) Some plagioclase crystals have prominent normal and/or patchy zoning. 
2) Plagioclase may display complex microtextures and recrystallised features 
(embayed/ cuspate boundaries, irregular and rounded crystals, 120° triple 
points, kink and bend crystals) and unusual phase associations (inclusions in 
olivine and pyroxene). 
3) An% decouples from the MZ (An%= 65.49) to become more anorthositic in 
the TU (An%=86.57, start of TU1, base of VSF2).  An% shows a slight 
normal fractionation trend in the TU1, back to MZ values, and this is echoed 
by Fo# and Mg# of olivine and pyroxenes.  However, in the TU An% does 
not change with depth apart from the TU2 and ultramafic lithologies where it 
becomes more sodic (Figure 8.2).  
4) Lines were corrected as far possible to compensate for clay mineral 
alteration and micas on plagioclase surfaces.  
 
In contrast to the An%, many trace elements in plagioclase are similar between the 
MZ and the TU (Figure 8.2). There are increases in some traces like Fe, Pb and Mn 
in parts of the TU and detectable levels of Cr are found in plagioclase in the upper 
TU1, TU2, upper TU3 and lower TU4 subzones. These Cr enrichments are not 
matched by corresponding enrichment in Mg or Fe; therefore they seem to be a 
primary feature of the plagioclase and not linked to inclusions of pyroxene (Figure 
8.2).   
 
179 
 
 
Figure 8.1 A-O: Micrographs of the textural relationships of silicate minerals analysed 
by LA-ICP-MS in the Troctolite Unit. White lines are laser tracks. Micrographs are 
organised according to decreasing stratigraphic depth. A) Typical Main Zone sample, 
B) Interstitial olivine with embayed boundary with surrounding phases (TU1), C) 
Olivine inclusion / chadacryst in orthopyroxene (TU2), D) Interstitial plagioclase in 
ultramafic lithology (TU2/TU3), E) plagioclase (TU3), F) Pyroxene inclusion in 
interstitial olivine (TU3), G) plagioclase (TU3), H) clinopyroxene in orthopyroxene host 
(TU4), I) Large clinopyroxene mottle with plagioclase inclusions, note texture of 
plagioclase (TU4), J) Plagioclase inclusions in orthopyroxene host (TU4), K) Small 
clinopyroxene forming large patchy mottles in anorthosite (TU4), L) Massive 
clinopyroxene phenocryst like mottle in TU4, M) Examples of olivine cores analysed 
throughout the TU (TU4), N) Orthopyroxene with plagioclase inclusions and trapped 
between two large crystals (TU4). O) Plagioclase with dark patch (possible remnant 
zoning), cumulate orthopyroxene and interstitial clinopyroxene (TU4).   
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Outliers to the general pattern of consistent trace element signatures tend to be 
pegmatoidal troctolite at the top of TU3 and the felsic replacement layer and 
associated replacement horizon and pegmatoid below (Figure 8.2). Deviations are 
also associated with more altered lithologies; these also tend to have a wider range 
of trace element compositions, reflecting an overprint control on some trace 
elements (e.g. K, Fe and Rb).  
 
Plagioclase can be texturally split into framework, interstitial and inclusions in 
pyroxene and olivine. Interestingly, trace element chemistry of the inclusions do not 
differ from framework plagioclase trends and do not plot as outliers. Rather, the 
inclusions show concentrations similar to the MZ below the TU (Figure 8.2).   
 
Apart from the TU1 unit (Figure 8.2), the TU lacks obvious fractionation in 
plagioclase trace elements even where rock types change from ultramafic to 
leucocratic over short distances. The felsic replacement horizon and its reaction 
zone are highlighted by an increase in more compatible plagioclase major element 
and trace elements such as Na, K, Ba. Interestingly, there is no shift in Sr 
enrichment in the felsic replacement horizon (229 m) relative to the rest of the TU. 
There is a shift to lower Sr values (and higher K concentrations, and lower Ti) in the 
pegmatoidal horizon below the felsic replacement layer from >400 ppm to <200 
ppm, relative to the immediate surrounding TU. The same is true for the 
pegmatoidal troctolite at ~90.70 m. However, detailed trends might be masked by 
sample density and bias.  
 
Elements such as Fe, Mn, Ti and Zn show similar trends with peaks at the same 
heights and concentrated at or around the TU3-TU4 boundary. It is important to note 
that enrichment here is not associated with plagioclase in the pyroxenite but rather 
with the troctolite and pegmatoidal troctolite beneath the contact and harzburgite 
and mottled anorthosite just above it. Fe and Mg can be used as proxy for change in 
Fe2+/Fe3+ and Mg#. Fe and Mg increases are correlated to some extent in the TU 
with the biggest variability associated with mottled troctolite and pegmatoids.  
 
 
Figure 8.2 part 1: Downhole plot of VSF2 illustrating the variation of An% and more 
compatible trace element (K, Na, Sr, Ba, Eu* and Pb,) enrichment in plagioclase of the 
Troctolite Unit and the Main Zone.  
 
Figure 8.2 part 2: Downhole plot of VSF2 illustrating the variation of An% and 
relatively compatible and incompatible trace element (Fe, Mg, Cr, Mn and Ti) 
enrichment in plagioclase of the Troctolite Unit and the Main Zone.  
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The extent of the Eu anomaly in plagioclase (Eu*) can be used as rough proxy for 
oxygen fugacity (Tanner et al., 2014). The average Eu* of the MZ is 3.49 (range = 
1.94 – 6.10, n= 6). The TU ranges between 0.78-4.92, with an average of 2.20 
(n=121). The overall range in Eu* between the MZ and TU is similar (4.16 vs. 4.14). 
There is a pronounced shift in the average Eu* value from the MZ to the TU (from 
3.49 to 2.20). However, this might be biases due to limited MZ sample fraction 
analysed. There also seems to be a wider range in Eu* at the boundaries of sub-
horizons on the TU; these are usually associated with mottled lithologies (e.g. 82.82-
82.54 m). The range in Eu* in the TU could not be linked to lithology changes nor 
with stratigraphic position but a relationship appeared to exist with micro textures. 
Mottled lithologies have overall wider ranges in Eu* and some samples show a 
prominent shift to lower Eu* ratios. For example, a shift to lower Eu* (Eu*range= 
0.78-1.6, avg. = 1.16, 159.80 m) is associated with a mottled troctolite with large 
magnetite symplectites in and around interstitial olivine. 
 
8.2 Olivine 
 
Trace element data of olivine comprised of 33 TU samples (n= 43) over 268 m of 
the VSF2. Olivines are divided texturally into interstitial and cumulus olivine. The 
latter includes olivine as inclusions or chadacrysts in pyroxene. 
 
8.2.1 Trace element enrichment in olivine 
 
Due to the altered nature of olivine, lines were taken in the ‘cores’ (unaltered areas) 
between serpentinite cracks/veins/joints. No distinction was made between core and 
rims as limited lines could be analysed per olivine crystal due to alteration intensity. 
Trace element enrichment patterns in olivine seems to follow Fo# changes of olivine 
to some extent (Figure 8.3). Change in Fo# is not very pronounced but there 
appears to be some decoupling effect between the TU1 and TU2 and TU4a and 
TU4b. These areas with lower Fo# (Fo#<74, TU1 and TU4b) are characterised by 
the appearance and/or disappearance (and repetitions thereof) of olivine in the TU. 
Fo# is slightly higher in the TU2, 3 and TU4a (Fo#>74) compared to the other units.  
 
There is no ‘general’ upwards variation in trace element concentrations in olivine in 
the TU and most concentrations lie within a limited range and around the mean 
calculated TU values (Figure 8.3) with outliers confined to a mottled troctolite at 
89.05 m; where there is a shift in Cr and Ni enrichment, and a decoupling effect that 
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Figure 8.3: Downhole plot of VSF2 illustrating the variation of Fo# and trace element (Ni, Cr, Co, Mn, Zn, V and Ti) enrichment in olivine of the 
Troctolite Unit. The Main Zone below the Troctolite Unit is devoid of olivine.  
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resorts back to average values. Fo content of olivine is constant in this interval but 
the sample also has lower Mn, Zn, V, Ti and Co values than the rest of the TU.  
 
Increases in Ni and Cr are coupled with a general degrease in Zn, V, Ti and Co 
suggesting that Ni and Cr might be substituting for these elements (Ni>Mg>Co>Fe> 
Mn>Zn, Deer et al., 1986). Likewise, Ni might be substituting/ replacing Mg, causing 
the increase in Ni. Irrelevant, TU olivine is enriched in Ni for its Fo content 
(discussed further below). 
 
Forsteritic olivine is often moderately enriched in Cr with average concentrations 
between 0.01-0.05 wt.% Cr2O3 (68-340 ppm Cr; Deer et al., 1982). In comparison 
the TU is not enriched in Cr (<50 ppm) and even a relatively Cr-rich zone close to 
the TU3-TU4 boundary falls well below average terrestrial forsterite values. The TU 
olivine is also not enriched in Ti (<50 ppm avg.) and Zn (<130 ppm avg.) and 
measures lower values than Ti and Zn of UZ fayalitic olivine (data from Tanner et 
al., 2014 supplementary material). TU olivine is not enriched in Sr, Rb, Ba or REEs 
and majority of analysis fall below detection limit. 
 
8.2.2 Nickel enrichment in olivine  
 
Ni enrichment (solubility) in olivine is a function of the Ni content of the parental 
magma, the concentration of silica and alkali metals (Deer et al., 1982), 
thermodynamic constraints (Yang et al., 2013), the partitioning coefficient of Ni 
between olivine and melt and the presence and KD of a co-existing sulphide liquid 
(Barnes et al., 1985; Barnes et al., 2013, Yang et al., 2013). Olivine with lower Fo# 
can have elevated Ni enrichment if the system is not sulphide saturated. If the 
magma is sulphide saturated Ni will partition into the sulphide rather than the co-
exciting silicate melt/ phase resulting in high Fo# with lower Ni concentrations.  
 
As discussed in Section 8.2.1, TU olivine is enriched in Ni relative to mafic 
lithologies containing olivine at similar Fo content (Figure 8.3) In the context of Ni 
enrichment in olivine within the northern Bushveld Complex the TU plots as a steep 
field with a wide range of Ni over a narrow Fo range (Figure 8.4). Interestingly, the 
TU olivine (Fo72-77; Ni 1500-4500 ppm) has similar or higher Ni concentrations to 
olivine from the LZ of the northern limb (Fo84-91; Ni 786-2500 ppm; Hulbert, 1983). Ni 
enrichment in TU olivine displays a distinctly bimodal distribution, with elevated 
olivine plotting outside the reference olivine field (Figure 8.4). The majority of TU 
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samples however, fall within the layered intrusion field and within known olivine 
fields (Figure 8.4). This pattern is very similar to samples from the Stillwater 
Complex (Figure 8.4, see also Raedeke, 1982). Todd et al. (1982) reports similar Ni 
concentrations for the Troctolite-Anorthosite I of the Stillwater Complex with Fo68-75 
and NiO= 0.2-0.4 wt.% (~1500 - >3100 ppm Ni). Ni increase significantly around the 
J-M Reef (see Figure 11, Todd et al., 1982) with highly enriched olivine (>2500 – 
4500 ppm Ni) in sulphide-rich areas of the OB1 (J-M Reef) (Barnes and Naldrett, 
1985). J-M Reef samples rich in sulphides not only measure higher concentrations 
of Ni but also occurs over a wider range (range=up to 500 ppm per sample, Barnes 
and Naldrett, 1985) (Figure 8.4). Like the TU, Ni enrichment in olivine in the J-M 
Reef does not seem to be a function of the presence of sulphides. Ni enrichment in 
olivine is usually associated with sulphide poor samples with a positive correlation 
between Fo and Ni enrichment, the opposite to the TU and J-M Reef. The question 
then is, how can the TU olivine be so enriched in Ni at such comparatively low Fo 
content, irrelevant of sulphide mineralisation (rich or poor)? 
 
 
Figure 8.4: Ni (ppm) as a function of Fo# of olivine. Lower Zone reference data were 
adapted from Cameron, (1978), Hubert (1983), Teigler and Eales (1996) as cited in 
McDonald and Holwell (2011) and the Stillwater Complex from Raedeke (1982), Barnes 
and Naldrett (1985) and Meurer et al. (1997). Olivine reference lava data from Sobolev 
et al. (2011).  
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Elevated Ni concentrations in the TU might be due to: 1) areas analysed (core and 
rims), 2) the strongly altered nature of olivine restricting the potential analysis areas, 
3) possible fluid inclusions ablated during analysis (see Chapter 6 for preliminary 
study on fluid inclusions in olivine), or 4) a function of exchange/ interaction or 
upgrading by Ni-rich sulphide melt. As shown in Section 8.2.1 Ni enrichment in 
olivine in the TU does not seem to be a function of zoning in the olivine crystals; 
elevated concentrations were measured in both cores and rims. Time resolved LA-
ICPMS spectra consistently show Ni following Mg and Si rather than producing 
short-lived signal spikes that might reflect Ni sulphide mineral inclusions or Ni-rich 
fluid inclusions. Ni concentrations measured here fall within the same range of Ni 
enrichment measured in olivine of TU-BV1 by Tanner et al. (2014) using LA-ICP-MS 
(1800-2200 ppm, avg. 1950 ppm) (Figure 8.4). Elevated concentrations of Ni are not 
due to analytical artefacts, inclusions or alteration but must be a function of olivine 
(TU) paragenesis and the mineral-melt (or mineral-fluid) reactions that operated 
during formation of the TU.  
 
8.2.3 Manganese enrichment in olivine  
 
Manganese content in olivine is coupled to melt composition and Mg# (Deer et al., 
1982); the lower the Fo# the higher the MnO content. Basic igneous rocks (Fo70-100) 
measures 0.24 wt.% MnO (or ~1859 ppm Mn) on average (Deer et al., 1982). The 
TU olivine contains an average of 2488 ppm Mn. This is higher than ultrabasic 
igneous values and more akin to basic plutonic rocks with Fo70-50 (0.44 wt.% MnO or 
3407 ppm MnO, Deer et al., 1982). Similar concentrations of Mn are found in TU 
olivine irrelevant of Fo#, stratigraphic position or lithology (Figure 8.3 and Figure 
8.5); Mn enrichment in TU olivine does not follow conventional fractionation path as 
seen in the Stillwater Complex and reference lavas (Figure 8.5). The only outlier in 
Mn content is at 89.05 m (mottled troctolite), >1 m below the TU3-TU4 contact 
where a decrease in Mn content is mirrored by elevated Ni and Cr (see Figure 8.3) 
but no significant change in Fo#.  
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 Figure 8.5: Mn content of olivine in the Troctolite Unit. Olivine reference data: Sobarev 
et al. (2011), Stillwater Complex: Raedeke (1982), Muerer et al. (1997), Lower Zone: 
Hubert (1983). Mn (ppm) concentrations were recalculated from MnO wt.%.  
 
8.3 Orthopyroxene 
 
Orthopyroxene mineral chemistry was determined in 18 samples of the TU (n= 80) 
and 2 samples of the MZ (n=3). Orthopyroxene was texturally split into three types: 
1) framework / cumulus and phenocryst; 2) interstitial including mottles; and 3) 
inclusions in olivine or pyroxene. Analyses were not split into core and rim domains. 
Like olivine, pyroxenes are altered but contain fresh areas that are big enough to be 
analysed (see Figure 8.1). Trace element chemistry might also be affected by strong 
exsolution lamellae but this was minimised where possible and could be checked 
and screened using the CaO concentration generated by the laser analysis.   
 
There is a shift from Mg#71 to Mg#76 between the MZ and the TU but this is not 
mirrored by corresponding positive and negative shifts in Ni and V respectively that 
might be expected for a more primitive magma. In fact these elements show little 
variation through the whole VSF2 core. There is a slight decrease in Mn between 
the MZ and TU1 but this rises again in the TU2 before falling back and remaining 
nearly constant through the TU3 and TU4 units.  
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Unfortunately, analyses are not closely spaced enough to pick out TU subunits and 
key changes between them (see Figure 8.6).  However, a few trends do stand out 
from the dataset. Overall, trace elements show similar trends and do not deviate 
considerably from the average. Outliers are concentrated around the TU1-TU2 and 
TU3-TU4 boundaries and within the TU4 (Figure 8.6). Outliers at the TU1-2 
boundary (increase in Ti, V, Mn) are marked by reaction and recrystallisation 
textures, strong zoning in plagioclase, embayed contacts between plagioclase and 
pyroxenes and different generations (and degrees of alteration) of pyroxenes.  
 
Some trace element enrichments seems to track the presence or absence of co-
crystalizing phases and the exchange of trace elements between phases. For 
example Mn (which is mildly compatible in orthopyroxene) seems to be linked to the 
presence or absence of olivine; no olivine is associated with higher Mn in 
orthopyroxene (see also Figure 10 in Tanner et al., 2014) 
 
Fractionation trends are not obvious from compatible or incompatible trace element 
concentrations in orthopyroxene (Figure 8.6). Nickel is unaffected by stratigraphic 
height or olivine content. There is an increase in Cr enrichment in the TU relative to 
the MZ (1142 vs 128 ppm Cr) (Figure 8.6) but this is not systematic with Mg# as 
might be expected. When Cr is plotted against Mg#, the TU shows a complex 
distribution with a wide range of Cr concentrations for a given Mg# and some of the 
lowest Cr concentrations are found in the most Mg-rich pyroxenes (Figure 8.7). 
Similar trends are apparent for Ni and Cr in the TU orthopyroxene data generated by 
Tanner et al. (2014).  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6 (next page): Downhole plot of VSF2 illustrating the variation of Mg# and 
trace element (Ni, Cr, Co, Mn, Zn, V and Ti) enrichment in orthopyroxene in and 
between of the Troctolite Unit and Main Zone.  
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Figure 8.7: The relationship between the Cr content and Mg# of orthopyroxene of the 
Troctolite Unit (TU) and the Main Zone below the TU.  
 
The highest Cr enrichment (>1000 ppm) in orthopyroxene is not found at the bottom 
of the TU but in and around the TU3-TU4 boundary. It is important to stress that Cr 
enrichment in not restricted to a single lithology or layer at this point. Rather, 
elevated Cr concentrations with a wide range (up to 1000 ppm difference between 
lowest and highest concentration in a single sample) are found at, above and below 
the TU3-4 contact and this continues into the TU4a and TU4b. An% of plagioclase 
does not change in and around the TU3-TU4 transition (Figure 8.2) and neither do 
Ni and Mn in orthopyroxene. Cr in orthopyroxene through the TU increases 
upwards, with parts of the TU1 and TU3 characterised by very low Cr 
concentrations. These are not linked to the occurrence and modal% of olivine as 
might be expected if the trigger for the introduction of olivine was a new input of 
primitive magma. 
 
8.4 Clinopyroxene 
 
Clinopyroxene was analysed in 21 samples (n= 71) over the TU and was subdivided 
texturally into framework (cumulate), interstitial (including small mottles) and 
phenocryst (large mottles) categories. Samples from the MZ consisted of 4 samples 
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(n=8) of cumulus and interstitial clinopyroxene. Samples were not split into rim and 
core domains as zonations in pyroxenes were not obvious from SEM analyses. 
 
8.4.1 Trace element enrichment in clinopyroxene 
 
There is a shift from an average of Mg#75 to Mg#80 between the MZ and the TU but, 
as with orthopyroxene, Ni and V concentrations are very similar throughout the 
sequence, albeit with a few outliers (Figure 8.8). Ni outliers (>500 ppm Ni) at 217.20, 
119.89 m and 89.05 m appear to be associated with fine interstitial clinopyroxene 
mottles which tend to be less altered than the surrounding phases.   
 
Like orthopyroxene, clinopyroxene is enriched in Cr (avg. 1607 ppm, range = 236- 
<4000 ppm) and slightly depleted in Mn (avg. 1622 ppm) relative to the MZ (Figure 
8.8). The highest Cr concentrations and the widest deviations between analyses in 
the same sample are found in the TU3-TU4 transition zone. The reason for Cr 
enrichment in TU pyroxenes are discussed in Section 8.4.2.  
 
8.4.2 Cr enrichment in pyroxenes  
 
The pyroxene-rich mafic and ultramafic lithologies of the lower TU (TU1-TU3) carry 
unusually low whole rock concentrations of Cr compared to similar lithologies in the 
Platreef or in the Upper CZ. Chromite appears to be absent from the TU and even 
where strong Cr enrichment is noted close to the TU3-TU4 transition the only Cr-
bearing phases are Cr-rich magnetite and the various pyroxenes.    
 
The Cr content of the pyroxenes is not linked to Mg# and high Mg# does not 
correlate to high/ elevated Cr values as some of the lowest Cr concentrations are 
found in pyroxenes in TU1-TU3 with the highest Mg# (see Figure 8.6, 8.8, 8.9 and 
8.10). There is also no clear link between lithology and Cr content. Pyroxenes from 
the most ultramafic lithologies can have variable Cr values; strong Cr enrichment is 
restricted to the TU4 and is not found in other ultramafic rocks below this unit. Within 
the transition zone (TU1) the highest Cr concentrations in pyroxene are more 
consistently found in less mafic lithologies such as mottled anorthosite (cpx: >3500 
ppm, n=4) rather than pyroxenite or harzburgite. Trends for orthopyroxene and 
clinopyroxene are similar (see Figure 8.10). 
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Figure 8.8 (previous page): Downhole plot of VSF2 illustrating the variation of Mg# 
and trace element (Cr, Cr/Al,Ni, V, Ti and Mn) enrichment in clinopyroxene in and 
between the Troctolite Unit and Main Zone below.  
 
 
Figure 8.9: Downhole plot of Whole rock Cr concentration, Cr-enrichment in cpx and 
opx and occurrence of chromite minerals and spinel in/ as fluid inclusions in the TU.  
 
The pattern of Cr enrichment in pyroxene may be linked to textures and mineral 
associations rather than lithology. The highest Cr concentrations are found in 
pyroxene with plagioclase inclusions regardless of whether it is ortho- or 
clinopyroxene (Figure 8.9 and 8.11). The plagioclase inclusions in pyroxene have 
complex micro textures, zoning and embayed / irregular and reaction contacts. 
Similar textures are present in the norite at the TU1-2 contact and within the TU4 
(Figure 8.11). Small (<10 µm) Cr-magnetite inclusions are found within these large 
pyroxene mottles (or interstitial) phases, or scattered in samples with this texture in 
TU4 (see Chapter 7). Cr might also be found as possible small (<1 µm) inclusions or 
exsolutions forming groups or veins/arteries in the pyroxene host (Figure 8.9). 
However, the exact compositions of these are yet to be tested quantitatively.    
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Figure 8.10: Relationship between Cr and MgO of clinopyroxene and orthopyroxene 
and lithology. Note enriched Cr content of leucogabbronorite and mottled 
anorthosites with 5-11 wt% MgO compared to highly ultramafic rocks. Colour codes 
are the same for clino- and orthopyroxenes.  
 
In conventional magmatic cyclic units, pyroxene mottles form late and may 
experience trapped liquid shift reactions with trapped or evolved melt that drive their 
compositions to lower Mg# and Cr concentrations (e.g. Kruger and Marsh, 1985; 
and illustrated in Figure 8.12 B). The pyroxene mottles in the TU3-TU4 transition 
have similar Mg# to cumulus/framework pyroxenes and higher Cr; the opposite of a 
conventional fractionation trend. The pyroxenite layer in the TU3-TU4 transition 
does not record the highest Cr enrichment in clinopyroxene (~2400 ppm Cr) in the 
TU as has been suggested by Ashwal et al. (2005). Higher Cr concentrations are 
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found in interstitial clinopyroxene (~3400 ppm Cr) in mottled anorthosite; ~5 m 
stratigraphically above the pyroxenite Figure 8.12 A). The same is true for Cr in 
orthopyroxene. The pyroxenite layer does show enrichment in Cr but not more than 
the leucocratic lithologies above and below it. 
 
 
Figure 8.11 A-D: Micrographs illustrating the textural relationships of Cr-rich 
pyroxenes with plagioclase or pyroxene inclusions.  A) JD20: gabbro at TU1-2 contact 
B) JD02: pyroxenite with high bulk rock Cr above TU3-4 contact, C) FT4201A: reaction 
zone between anorthosite vein and gabbronorite in TU4, D) FT1030: mottled 
anorthosite that marks the TU4Aa-b contact. This sample had the highest grades Cr in 
pyroxene.  
 
If the pyroxene mottles in the upper TU grew from an interstitial melt as the textures 
imply it suggests that a significant amount of Cr was present in that melt and that Cr 
enrichment through the uppermost TU3 and TU4 units may have taken place at a 
relatively late stage in the crystallisation of the TU. A new magma input at this level 
(e.g. Tanner et al., 2014) would explain the Cr enrichment in the framework 
pyroxenes of the harzburgite and pyroxenite but not the higher Cr concentrations in 
mottles in the hangingwall anorthosites, or the Cr-rich mottles in the anorthosites 
and olivine gabbronorites in the footwall (Figure 8.12A). 
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Figure 8.12 A: Trace element enrichment around the TU3-TU4 border. Heavy metal 
enrichment or the highest enrichment in Ni in olivine and Cr in pyroxenes are not 
associated with the more mafic lithologies but rather with mottled anorthosite and 
Troctolite. Symbols of individual mineral assemblages are the same as has been used 
in Section 8.1-8.4.  (Mg#: open symbols= cpx, closed= opx).  
 
 
 
Figure 8.12 B: Example of a conventional magmatic cycle (new magma input) as seen 
in the mineral chemistry (An% and Mg#, Cr2O3 and MnO content of orthopyroxene) of 
the Merensky cyclic unit. Figure was adapted from Kruger and Marsh (1985).  
 
8.5 Mineral chemistry of the TU and Main Zone 
 
The minerals that form the TU have very similar major element mineral chemistries 
irrelevant of depth, lithology, texture and subunit. The TU does not show any strong 
fractionation in Mg# of pyroxene even where rocks are dominated by plagioclase 
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and trapped liquid shift effects, such as those observed in the upper portions of 
cyclic units in the CZ (e.g. Cawthorn, 1996). Even more so, major element mineral 
chemistry, as determined by fully quant EDS-SEM, of the TU is not vastly different 
from the MZ and falls within error.  
 
The TU lacks obvious fractionation trends (Figure 8.13); finer scale fractionation 
might be obscured by the number and spacing of samples analysed. The same is 
true for the MZ below the TU; from limited analysis the TU does not seem to be 
fractionated. More so, a change in An# is not always associated with a change in 
Mg# in pyroxenes or olivine.   
 
Individual minerals within the TU show little variation with limited changes in range 
per sample and over the TU. Values do not differ more than 1 - <5 molar% from the 
average values calculated for the TU. The majority of samples occurs over a small 
range per sample with some exceptions, this is especially true for plagioclase. 
Olivine exhibit a wider range in some individual samples than as an average over 
the TU.  Mg# of the pyroxenes seem to mirror each other over most of the TU with 
Mg# of clinopyroxene always higher than corresponding/ coexisting orthopyroxene. 
The most prominent change in mineral chemistry and variety in range occurs in the 
TU1. These trends can be attributed to the mixing effect of olivine rich and olivine-
poor lithologies in TU1 and features like plagioclase zoning.  
 
Overall there is a slight decouple effect from the MZ to the TU, with a shift to higher 
An# (64-80) and Mg# (opx: 72-77 and cpx: 76-80). The change in average values 
(calc.) from MZ to TU is <5 molar% for pyroxene and >10 molar% for plagioclase.  
 
Changes in mineral chemistry does not pick out the TU subunit boundaries defined 
during logging. The following trends were evident in the different subunits:  
1. MZ: normal differentiation, no change in An# nor Mg#. 
2. TU1: ‘normal differentiation’ of plagioclase, olivine and pyroxenes.  
3. TU2: values resorts back to average values, or just higher, for all phases. 
Limited data points. Lower An# associated with interstitial plagioclase of 
ultramafic rock.  
4. TU3: no obvious change from the TU2 to TU3. Fairly average and similar 
minerals chemistry in all phases throughout most of the TU3. Slight shift 
to higher Mg# olivine associated with pegmatitic olivine-gabbronorite at 
90.75 m.  
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5. TU4a: no obvious change from TU3 to TU4a. Lower An# associated with 
interstitial plagioclase in pyroxenite. ‘Normal differentiation’ of olivine and 
pyroxenes. 
6. TU4b: Pyroxenes decouples back to average TU values. Lower olivine 
Mg# resembles values at the bottom of the core at TU1. 
 
 
Figure 8.13: Mineral chemistry of the main silicate minerals (plagioclase, olivine, 
orthopyroxene, clinopyroxene) of the Main Zone and Troctolite Unit.  
 
8.6 Major- and trace element enrichment in silicates 
through the northern limb; a first study from the Main 
Zone to the Upper Zone 
 
Mineral chemistry, as well as trace element silicate mineral chemistry, on the 
northern limb from studies on the Platreef and Lower MZ (MO1: Roelofse, 2010) as 
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well as the TU, UMZ and UZ (BV1: Ashwal et al., 2005; Tanner et al., 2014) were 
incorporated with results from this study to make a first combined plot of the major, 
minor and trace element chemistry through the northern limb (Figure 8.14 and 8.16). 
This was crucial to fill in some of the >450 m stratigraphic gap in the northern limb 
discussed in Trumbull et al. (2015), and particularly to visualise the changes from 
Lower MZ to the TU to the Upper MZ and so determine how the TU fits within the 
paragenesis of the northern limb. Mineral chemistry averages for the TU in the BV1 
were recalculated based on newly defined stratigraphic boundaries for the TU, see 
Chapter 5. Calculations and methods used are given in Appendix A and B. 
 
The following is evident in the mineral chemistry of the northern limb (Figure 8.14) 
1) The TU decouples with the MZ lithologies around it; the TU does not match 
with its surrounding lithologies or follow a clear fractionation patch with 
height. 
2) There is a general increase in An# and Mg# of orthopyroxene and lesser so 
clinopyroxene from the MZ into the TU. This increase extends to ~2500 m, 
above the old (~2802 m) and new (~2745 m) TU-MZ boundaries in the BV1.  
3) Forsteritic olivine (Fo#=72-78) reappears in the crystallisation sequence (not 
shown in Figure 8.14). The reappearance of olivine in the MZ is unusual in 
itself as there ought to be an olivine gap in this region in common with 
tholeiitic magma fractionation and the rest of the MZ. Olivine is Mg-rich 
(forsterite) with primitive compositions akin to the Platreef. 
4) An# decouples to lower values from the lower MZ (MO1) to the Upper MZ 
(this study) and increase again to lower MZ values and higher in the TU 
(An75). Whether this change is sudden or progressive through the missing 
100 m of stratigraphy is not clear and awaits further research. An# is higher 
than expected in the TU, at this depth in the MZ; An# should get more 
evolved (Na-rich) as the system fractionates. TU An# lies within range of 
Platreef An# (An#=73-85, e.g. Sandsloot, McDonald and Holwell, 2011 and 
the references therein) but is overall lower.  
5) Mg# of orthopyroxene increases from the Lower MZ into the Upper MZ 
reaching a maximum in the TU. Mg# decrease from the TU into the MZ 
above but stays elevated through most of the Upper MZ. The TU has 
surprisingly similar Mg# (72-80) as the Platreef (Mg#=76-80, Sandsloot, 
McDonald and Holwell, 2011).  
6) Mg# of clinopyroxene increase less so than orthopyroxene from the MZ into 
the TU and mimics orthopyroxene trends. Mg# of clinopyroxene is 
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surprisingly constant through most of the MZ and occurs over a narrower 
range.    
 
 
Figure 8.14: Comparison of mineral chemistry (An#, Fo#, Mg#) throughout the entire 
northern limb succession, based on the BV1 (dark grey), VSF2 (green) and MO1 (light 
grey) boreholes and Main Zone field samples. Depth is expressed as the depth in the 
BV1 and not relative to the Upper Zone-Main Zone boundary. Data for the figure was 
adapted from Ashwal et al. (2005), Roelofse (2010; 2012) and results from this study.   
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When comparing similar stratigraphic levels in the BV1, the mineral trace element 
chemistry determined by LA-ICP-MS in the study and by Tanner et al. (2014) match 
closely. However, there is a decoupling effect between analyses for elements like Cr 
collected by microprobe (Ashwal et al., 2005) and LA-ICP-MS; this was the case for 
both this study and Tanner et al. (2014). In parts of the TU, most notably the BV-TU-
1d subunit, Ashwal et al. (2005) systematically report higher values for Cr than were 
obtained by LA-ICP-MS (Figure 8.15). The laser data suggest that the dramatic rise 
in Cr in pyroxene only starts in the upper half of the BV-TU-1d unit, rather than at 
the base as implied by the microprobe data.  
 
The mineral trace element concentrations measured in the BV1 borehole in this 
study and by Tanner et al. (2014) pick out a rise in Cr associated with the TU1-TU2 
transition, which persists upwards into the TU2. This feature is consistent with the 
TU3-TU4 transition in the VSF2 borehole and confirm many of the correlations 
initially inferred by logging (see Chapter 5). 
 
Apart from an increase in Cr and decrease in Mn in pyroxene, and the presence of 
olivine, there is no prominent marker or change in the other trace elements 
throughout the northern limb sequence that would denote a dramatic change 
associated with a new magma at the base of the TU. The largest shifts in Cr and Ni 
are associated with the upper portion of the TU and take place in leucocratic units 
rather than in mafic ones. For many trace elements the TU does not differ that much 
or significantly from the surrounding MZ (Figure 8.15).  
 
Trace element enrichment in plagioclase does not change that much from the TU to 
the surrounding MZ. The average Sr concentration in TU plagioclase and 
plagioclase below the TU (~310 ppm; range 50-650 ppm) is slightly lower and more 
variable than the MZ above (~430 ppm; range 300-530 ppm; Tanner et al., 2014). 
This is little evidence for a systematic drop in Sr concentration to match the rise in 
An% between the MZ and the base of the TU1 as might be expected for a new 
magma input at this level. As noted in Section 8.1, the TU plagioclase is texturally 
complex and variability in Sr is most probably a function thereof. Eu* is slightly lower 
in the TU (avg. = 2.2, lowest <1) with smaller range than the MZ around it (3.49).  
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Figure 8.15: Cr enrichment in clino- and orthopyroxene in the TU of the BV1 and the 
VSF2. Note the highest Cr-enrichment is not just associated with pyroxenite but with 
less mafic lithologies also. The green line marks the location of the Cr-rich pyroxenite. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.16 (next page): Trace element variations through the northern limb to 
illustrate the lack of magma injection at the Troctolite Unit-Main Zone boundary 
(Tanner et al., 2014= grey dots, TU: this study= green, MZ: this study=light grey dots).  
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Olivine of the TU is enriched in Mn relative to its Fo# (see Section 8.2.1 and Figure 
8.3); Mn enrichment in olivine is matched by corresponding Mn depletion in 
orthopyroxene and clinopyroxene (Figure 8.16). Therefore the dip in Mn for TU 
pyroxenes compared to MZ above and below is probably linked to the presence of 
olivine (and an alternative sink for Mn) rather than any input of more primitive 
magma. Mn substitutes/ replaces Mg in the olivine lattice (Deer et al., 1982) with 
lower Fo# coupled with higher Mn enrichment. Mn has a KD<0.5 for olivine and 
KD<0.1 for orthopyroxene (see Figure 7, Volume1A: Deer et al., 1982 and the 
references therein).  Mn should therefore partition into olivine (larger KD value) over 
orthopyroxene. The partitioning of Mn between olivine and orthopyroxene (Dol/opx) 
can be expressed as DNi(5.2)>DCo(2.8)>DMn(1.4)>DFe2+ (1.2) (Ross et al., 1954 as 
cited in Deer et al., 1982) and olivine and clinopyroxene (Dol/cpx) as 
MnO<FeO<CoO<NiO (Deer et al., 1982). The presence of olivine in the crystallising 
assemblage should thus yield orthopyroxene with lower Mn than if olivine was not 
present.  
 
In light of recent findings, it seem unlikely that the TU represents new magma 
injection as has been suggested by Ashwal et al. (2005) and Kruger (2010). 
Arguments against new magma input at the pyroxenite level include: 
1) Increase in Cr enrichment occurs towards the upper part of the TU and not at 
the bottom.  
2) Elevated Cr in pyroxenes are not only found in pyroxenite but also and more 
so in less mafic lithologies like mottled- anorthosite and troctolite. Cr-
enrichment proceeds above the TU and into the MZ.  
3) An increase in Cr is not coupled with an increases in other elements like Ni 
and Co, also expected to be elevated in a primitive magma.   
4) There is no prominent change in trace elements from MZ into the bottom of 
the TU; overall values are very similar.  
5) The TU is on average enriched in trace elements relative to the MZ, but not 
significantly; majority of elements fall within MZ ranges. Averages of the TU 
are higher due to sporadic outliers/ enrichment.  
6) Olivine reappears in the crystallising sequence at the bottom of the core and 
its occurrence is not linked to whole rock enrichment of Cr or Ni. Trace 
element chemistry of olivine is strikingly regular throughout the TU with 
limited outliers. There is no obvious fractionation in trace elements in olivine, 
other than an increase in Mn, with height nor does the trace elements reflect/ 
record the changes in Fo# (see Figure 8.3).  
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Chapter 9 
Mineralogy and mineral chemistry of the 
Troctolite Unit and Main Zone: sulphide and 
oxide mineralogy 
 
Non-silicate minerals consists of base metal sulphides (BMS), oxides, alloys and 
PGM (see Chapter 10). This study is the first to describe BMS and oxide minerals 
within the TU and the MZ below it. A short description is given here of the main phases 
found in the TU, how they are distributed and their textural associations. Mineral 
chemistry and identification of BMS and oxides was carried out using reflected light 
microscopy and semi-quantitative EDS-SEM (ASEM). Trace element geochemistry of 
BMS was determined by LA-ICP-MS. Metadata are provided in Appendix G and 
Supplementary Appendix 18, 19 and 20. Mineral formulas and abbreviations used in 
the text are given in Mineral Compositions.   
 
9.1 Sulphide mineralogy 
 
The TU lacks abundant sulphide mineralisation in both the BV1 and VSF2 boreholes 
and, where present, sulphides are disseminated, difficult to spot and not common. 
BV1 has less visible sulphide mineralisation than the VSF2 borehole. Fe-staining in 
core was used to indicate possible BMS mineralisation. Fe-staining may also be a key 
indicator of recrystallised pyrrhotite. Recrystallised BMS has a lower Fe2+:Fe3+ ratio 
with Fe3+>>Fe2+ the mineral is more easily oxidised or susceptible to oxidation. The 
BV1 borehole does show some positive iron staining in places which could indicate 
BMS concentrated in and around the interaction zones of the granitic intrusions.  
 
In order of abundance, the most common sulphides in the TU are chalcopyrite> 
pentlandite>pyrrhotite>>sphalerite-millerite-galena. The MZ however, is dominated 
by chalcopyrite and pyrrhotite. BMS most commonly occur as polyphase associations 
and rarely as single phase minerals. 
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9.1.1 BMS in the Main Zone below the TU 
 
Sulphide minerals in the MZ immediately below the TU consist of very fine, broken 
and scattered disseminated BMS mixtures (<1 to <50 µm across) composed of 
chalcopyrite-(pyrrhotite). The BMS are randomly distributed within a single sample 
and are predominately found associated with alteration, around cumulate phases or 
in between triple points, and are found with magnetite (very rarely ilmenite) and 
±oxidation rims. BMS are very rarely found inside cumulate phases. The minerals are 
mostly broken with scattered fragments and very rarely as individual minerals (Figure 
9.1). No droplet or rounded shaped BMS were found in the samples analysed.   
 
 
Figure 9.1 A-F: Micrographs of BMS mineralisation in the Main Zone roughly 100 m 
below the Troctolite Unit. A) Chalcopyrite and pyrrhotite with magnetite in gabbronorite 
of the upper Main Zone (BK009, 499.13 m), B-D) Chalcopyrite-pyrrhotite in the alteration 
zones between pyroxene and plagioclase and within pyroxene/plagioclase (BK067B, 
444.42 m and E and F)  Very fine chalcopyrite in between plagioclase and pyroxene in 
gabbronorite (BK015, 390.27 m).  
 
9.1.2 BMS in the Troctolite Unit 
 
BMS in the TU are present as small disseminated single and polyphase minerals 
(<500 µm in size). Occurrences of visible sulphides (<2 mm in size) are consistently 
restricted to less mafic lithologies (anorthosite>>troctolite>ultramafic), the 
replacement horizon (TU2) and at and around the change between some subunits 
(Figure 9.2) 
 
BMS assemblage types are not straightforward in the TU. From the available samples 
it is clear that more than one BMS assemblage is represented. Care must be taken 
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when assigning individual groupings or assemblages as trace element concentration 
in the different BMS varies considerably and seems to be affected by processes active 
syn- and post BMS formation.   
 
The sulphide minerals in the TU can be grouped into three principal assemblages, 
based on texture associations and mineral chemistry, namely; Fe-Ni sulphides 
(magmatic), Fe-Ni-(Cu) (magmatic and magmatic-hydrothermal) and Fe-Ni-Cu 
(hydrothermal) sulphides (see Table 9.1). Later Cu-Zn-Ni-Pb sulphides that are 
considered to have formed at lower temperatures than the others (see below), are 
widespread throughout the TU.  
 
The distribution of BMS and BMS assemblages in the TU are sporadic (Figure 9.11). 
Within the available sample suite there does not seem to be a link between BMS 
assemblage with lithology or depth. What is apparent is that there is often more than 
one assemblage present per sample. In strongly altered rocks, BMS show evidence 
of recrystallisation and oxidation to magnetite and other Fe and Ti oxides. BMS 
assemblages are not restricted to depth or certain lithologies (Figure 9.11); ultramafic 
lithologies for example have both high and low temperature BMS assemblages.  
 
Table 9.1: Characteristic and parameters used to group BMS identified in the TU-VSF2 
(bdl = below detection limit). 
 TU assemblage 1 TU assemblage 2 TU assemblage 3 
BMS Po-pn-ccp-bn Pn-po-(ccp) Ccp-pn-po (sph) 
Mineralogy and 
texture association 
Olivine free regions in 
TU1 
Interstitial plag in UM 
Attached to or close to 
interstitial olivine  
Strong association 
with bio/phlog + ap 
Interstitial between 
plagioclase 
Zoned plagioclase 
Strong ass with plag, 
amph. and mottles 
IPGE Not analysed >1 ppm <<1 ppm 
PPGE Not analysed  Bdl – 300 ppm Bdl - > 1000 ppm 
Au Not analysed <1.2 ppm Bdl to up to 13 ppm 
Se Not analysed 
Variable  
>100 to >400 ppm  
Variable 
<100 ppm 
Co in pentlandite >2 wt.%  
Varies  
Up to 5 wt.% 
Intermediate 
Up to 7 wt.% 
Suggested origin Magmatic 
Magmatic to 
magmatic-
hydrothermal 
Hydrothermal 
 
9.1.2.1 TU Assemblage 1: pentlandite-pyrrhotite-chalcopyrite±bornite 
 
Assemblage 1 (pentlandite-pyrrhotite-chalcopyrite±bornite) is represented by BMS 
found in the olivine-free regions of the TU1 consists of randomly distributed, 
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disseminated single and polyphase BMS. These BMS were unfortunately too small to 
be successfully analysed by LA-ICP-MS. However, semi quant EDS-SEM analyses 
showed than pentlandite is enriched in Co with typical concentrations >2 wt.% (see 
Appendix 18 and 19). The BMS are small (<50 µm), irregularly shaped, broken and 
eaten,  and are most commonly found in the alteration zone of pyroxene or between 
pyroxene and plagioclase, between triple points or inside/on top of plagioclase (Figure 
9.2). The TU BMS assemblage 1 resembles the BMS identified in the MZ below the 
TU but with a greater proportion of pentlandite.  
 
 
Figure 9.2 A and B: Micrographs of BMS assemblage 1 of the Troctolite Unit. A and B) 
BMS assemblage 1 found between plagioclase grains and/in or on plagioclase and 
pyroxene in the olivine free gabbro at the bottom of the TU (FT1143, 257.44 m). 
 
9.1.2.2 TU Assemblage 2: pyrrhotite-pentlandite-chalcopyrite  
 
Assemblage 2 consists of pyrrhotite-pentlandite-chalcopyrite and occur as teardrop 
(Figure 9.3 A and 9.10 A) to round to irregular shaped polyphase BMS of <100 µm 
with occasionally larger aggregates of up to 3 mm (see Figure 9.10 D). BMS are not 
completely composite, broken and relatively oxidised compared to assemblages 3.  
 
Pentlandite associated with this group has higher Co (> 2 wt.%), as well as variable 
Se (<400 ppm) and IPGE (>1 ppm) than assemblage 3. Assemblage 2 is strongly 
associated with interstitial olivine and either biotite/phlogopite; BMS are often found 
attached to or surrounded by biotite/phlogopite. The link with biotite was found 
irrelevant of the host lithology or grain size and throughout the TU, and not just in the 
pegmatoidal lithologies. BMS are found in between triple points of plagioclase.  
 
Assemblage 2 is essentially a combination of BMS that formed by magmatic-
processes and upgraded by magmatic-hydrothermal and/or hydrothermal process. 
These are discussed as one group here as the distinction is not obvious as yet.  
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Figure 9.3 A-D: Assorted examples of assemblage 2 throughout the Troctolite Unit. A) 
Assemblage 1 in olivine-rich gabbro of the TU1 (FT1143, 257.44 m), B) Pn-po between 
interstitial plagioclase and orthopyroxene in TU2 (FT1128, 234.29 m), C) BMS-2 found 
in highly regions between plagioclase in anorthosite (BK073, 217.20 m) and D) BMS on 
the edge of olivine alteration in the TU3 (FT1089, 178.56 m). 
  
9.1.2.3 TU Assemblage 3: chalcopyrite-pentlandite-pyrrhotite±sphalerite 
 
Assemblage 3 comprises of chalcopyrite-pentlandite-pyrrhotite with or without 
sphalerite. Where present, sphalerite is sometimes found is small minerals or 
inclusions/ flames within chalcopyrite. This assemblage is highly altered, oxidised and 
broken with halos or zones of small fine fragments of BMS scattered around bigger 
more competent BMS. Larger aggregates range on average between 200-300 µm 
with fragments <1 µm.  
 
The BMS found in assemblage 3 have consistently lower IPGE (<<1 ppm) and Se 
(avg. <100 ppm) concentrations than found in assemblages 1 and 2. Co concentration 
in pentlandite varies (<2000 ppm- 13000 ppm). Assemblage 3 can be linked to some 
extent to obviously mottled lithologies and may also occur in association with 
amphibole, clay alteration of plagioclase and biotite in some cases. The association 
with amphibole is more evident in ultramafic lithologies (Figure 9.4 E and F). 
Assemblage 3 BMS typically occur between plagioclase grains in less mafic 
lithologies and with alteration phases in more mafic units.  
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Figure 9.4 A-H: The variety and phase associations of BMS assemblage: A) Polyphase 
BMS between plagioclase in the TU3 (JD34A, 142.81 m), B) typical example of the 
broken and dispersed nature of assemblage 3 (JD03, 88.19 m), C and D) BMS tend to 
occur as groups associated with mottles and biotite, TU3 (FT1038, 89.05 m), E and F) 
large BMS associated with amphibole in pyroxenite of TU4 (FT1034, 86.70 m). 
 
What is notable of assemblage 3 BMS are that they tend to occur in groups 
(comprising several single>polyphase BMS within a limited space) (Figure 9.4 C and 
D) whereas assemblages 1 and 2 occur as polyphase randomly distributed phases. 
Based on the low IPGE and Se concentrations and the associations with hydrous 
silicates these sulphides are suggested to have formed by fluid action or as a result 
of the alteration and recrystallisation of pre-existing BMS assemblages 1 and/or 2.  
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9.1.2.4 Late stage and secondary assemblages  
 
The TU is overprinted by low temperature fluids linked to serpentinization and talc-
carbonate alteration, see Chapter 5 and 6. This low temperature overprint can contain 
BMS such as sphalerite, bornite, chalcocite, heazlewoodite, millerite and galena 
(Figure 9.5).  
 
Two generations or types are distinguishable; chalcopyrite-sphalerite-millerite and 
bornite-heazlewoodite-chalcocite.  Chalcopyrite-sphalerite-millerite aggregates are 
found as scattered, broken and altered assemblages and are associated with 
alteration minerals like amphibole (Figure 9.5 A). The phases rarely exceeds 100 µm 
in diameter. Small aggregates of bornite-heazlewoodite-chalcocite (<<50 µm across) 
are found in troctolite and olivine norite with evidence of intense fluid overprint (Figure 
9.5 B). The BMS seem to be linked to accessory minerals such as baddeleyite, zircon 
and monazite and tend to occur together or in close proximity to each other.  
 
In the felsic layer and its reaction zone with more mafic lithologies BMS are closely 
associated with apatite. However, here the BMS assemblage is more Cu-rich (with 
bornite and covelite). These might have been later, and at lower temperatures, than 
the BMS-apatite associations found elsewhere in the TU. 
 
 
Figure 9.5 A-B: Late stage assemblages of A) millerite in the alteration zone between 
olivine and plagioclase in troctolite of TU3 (FT1101, 198.58 m) and B) heazlewoodite in 
between plagioclase grains in troctolite of TU3 (FT1046, 113.89 m). 
 
A common feature throughout the TU is the presence of small rounded grains of 
galena (~1 µm). Galena is randomly distributed within a single sample but tends to 
occur widely within the alteration and oxidised zones of BMS.  
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These assemblages, together with their accessory minerals, are likely to be more 
prominent and wildly distributed in the TU, especially in the TU3 subzone, than stated 
here. The minerals are easily overlooked due to their small size and time-intensive 
optical microscopy and detailed element mapping, are needed to fully characterise 
them and any associated accessory phases. Time constraints meant that only a few 
samples could be investigated in this level of detail and similar assemblages are 
predicted to occur more widely in other altered samples.    
 
9.2 Oxides and alloy mineralogy 
 
The dominant oxide phases present throughout the TU are magnetite (produced by 
primary crystallisation in the groundmass and by secondary alteration of olivine) and 
ilmenite. The TU is also rich in alloys, tellurides, niccolite and electrum with different 
ratios of Au:Ag  
 
9.2.1 Magnetite (Fe2+Fe3+2O4) 
 
Magnetite is found throughout the TU. The most common phase association of 
magnetite is as an alteration product of olivine (and ±BMS, see section 9.3) (Figure 
9.6 A, B and C). Secondary magnetite is developed as irregular veins in the olivine 
crystals forming small cores or patches in the olivine. Olivine in more ultramafic 
lithologies are generally more altered and evidence of break down to magnetite is 
common place in the VSF2. In the BV1 core, olivines are less altered and did not 
show the same intense development of magnetite. Magnetite occurs as the interstitial 
phase (>2 mm), between olivine crystals or olivine-orthopyroxene (altered) in the 
troctolitic pegmatite of TU3d (Figure 9.6 A). Cr-rich magnetite is found as small 
phases (<200 µm) on the surface or inclusions in pyroxene (see section 9.2.3 and 
Figure 9.6 E and 9.7).  
 
Magnetite symplectites (strictly Fe-oxide symplectite, as the precise chemistry was 
not quantified) are found throughout the TU but seem to be more common in the upper 
pegmatoid of TU3d and in other parts of the TU3. Symplectites range between <200 
µm to >1 mm in diameter and are found on the edges of olivine or within the olivine 
and more rarely attached or associated with inclusions in the olivine (Figure 9.6 C). 
There seems to be no link between the frequency of symplectites and lithology or 
grain size but textually symplectites are found in lithologies with recrystallised 
plagioclase and interstitial olivine (e.g. olivine-gabbro of TU1, JD25), They are also 
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found in samples containing interstitial olivine with orthopyroxene rims and smaller 
mottles (e.g. mottled troctolite of TU3, just above the biotite-rich horizon, JD06), and 
in samples with pegmatoidal textures (e.g. troctolitic pegmatoid of TU3d, FT4203D).  
 
 
Figure 9.6 A-F: BSE, SE and micrographs of magnetite in the Troctolite Unit. A) Large 
interstitial magnetite in troctolite and magnetite exsolution / break down of olivine (TU3, 
90.77 m, FT4203D), B) Intense magnetite alteration / breakdown of olivine in very coarse 
grained troctolite (TU3, 90.77 m, FT4203D), C) magnetite symplectite on the edge of 
plagioclase inclusion in interstitial olivine (TU3, 113.89 m, FT1046), D) magnetite 
symplectite in olivine in troctolite (TU3, 159.80 m, JD06), E) Cr-rich magnetite in 
pyroxene in olivine-norite (TU4, 27.95, FT1003), F) mag oxidation rim around BMS (TU2, 
234.29 m, FT1128).  
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9.2.2 Ilmenite (Fe2+TiO3) 
 
Ilmenite is found throughout the TU as small, rounded phases (e.g. Figure 9.7 C), 
inclusions in or on mineral surfaces (Figure 9.7 D) to large recrystallised phases 
(Figure 9.7 A and B). Semi-quantitative analyses have shown the ilmenite to 
contained detectable amounts of V. Ilmenite does not seem to be limited to a specific 
region/ depth or lithology in the TU. However, ilmenite mineralisation is most 
prominent in the felsic replacement horizon (TU2). Here, ilmenite is found as large 
recrystallised skeletal crystals of up to >30 mm in diameter (Figure 9.7 A and D). It 
also occurs in the reaction zones between the most felsic part of the felsic 
replacement horizon and the surrounding more mafic lithologies. There is a strong 
association with sphene/titanite. Ilmenite is commonly found in association with BMS.  
 
 
Figure 9.7 A-D: SE and micrographs of ilmenite mineralisation in the TU. A) Part of a 
cluster of ilmenite in the felsic-mafic reaction contact/ boundary (TU2, 230.20 m, 
FT4207), B) massive recrystallised triangle shaped ilmenite in the felsic replacement 
horizon (TU2, core sample ~230 m), C) Alteration or mixture of ilmenite and sphene in 
the reaction zone of anorthosite with olivine-gabbronorite (JD34A) and D) Ilmenite 
enclosed in pyroxene in norite (TU4, 44.55 m, FT1010).  
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9.2.3 Chrome-rich phases (Fe2+Cr3+2O4) 
 
One of the most striking features of the TU is the lack of chromite mineralisation. The 
TU contains ultramafic lithologies and primitive silicate minerology (elevated An and 
Mg#, see Chapter 6) yet no chromite crystals or chrome stringers have been 
identified. Where present, local scale Cr concentration is found as small (<500 µm) 
crystals of Cr-bearing magnetite (up to 10 wt.% Cr); these are limited to the alteration 
zones around olivine, isolated phases or as inclusions (or on the surface) in pyroxenes 
(Figure 9.8 A-F).  
 
The TU is generally poor in Cr but has some lithologies with >1000 ppm of Cr (see 
Chapter 8). LA-ICP-MS has shown the pyroxene in these whole rock Cr-enriched 
samples to be especially enriched in Cr (see Chapter 9). Some analytical fault can be 
ruled out as similar horizons analysed in the BV1 had the same grade of Cr 
concentration (this study and Tanner et al., 2014). However, the Cr spike lower down 
in the VSF2 is uncertain. These regions are highly altered and might contain 
secondary Cr-rich phases. Chromite has not yet been reported in the MZ below the 
TU (Van der Merwe, 1978; Roelofse and Ashwal, 2012).   
 
The missing Cr might also be mineralised as small discreet phases of uncertain 
composition. Small clumps and/or arteries of what are suggested to be spinels are 
found in some TU pyroxenes. These might be chromite (or other spinels) exsolving 
from the pyroxene. The arteries of inclusions cross-cut exsolution lamellae and do not 
appear to follow or exploit other weak planes like fractures in the mineral. The 
inclusions have only been found in orthopyroxene, with and without plagioclase 
inclusions, in both the VSF2 and BV1 boreholes. Unfortunately, the compositions of 
these phases were not quantitatively analysed.  
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Figure 9.8 A-H: Micrographs and SE images of Cr-rich magnetite mineralisation in the 
Troctolite Unit. A and B) Cr-rich magnetite and ilmenite inclusions in pyroxene in 
gabbro (JD20, 246.86m), C and D) large (>100 µm) Cr-rich magnetite in pyroxene in 
altered olivine-(gabbro)norite (TU4, FT1019, 65.94), E and F) Altered Cr-rich magnetite 
orthopyroxene in norite (TU4, FT1010, 44.55 m) and G and H) Well rounded Cr-magnetite 
found between plagioclase in gabbronorite (FT1003, 27.95 m).   
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9.3 Alteration, oxidation and leaching 
 
Sulphide minerals display different degrees and types of alteration, oxidation and 
leaching throughput the TU and MZ (Figure 9.9). Overall, the more oxidised BMS are 
found in the more serpentinised or oxidised lithologies and regions within the TU. BMS 
within the same sample can display different degrees of oxidation and/ or leaching. 
This might be due to either localised effects of alteration / fluids (syn or post TU 
formation) and/or different generations of BMS mineralisation.  
 
Oxidation and alteration have caused leaching of the BMS. This is most evident in 
examples with a partially developed magnetite rim and BMS core or wholly oxidised 
BMS with an alteration halo/ rim of alloys (most commonly Pb-rich species), oxides 
and/or PGM (see for example Figure 9.9 A, C and 9.10 D and E). Sometimes these 
are expressed as single phases of alloy, oxide or PGM either attached to the BMS 
host, in the cracks in the BMS or sitting in this alteration halo. The relevance of these 
observations to PGM is discussed further in Chapter 10.  
 
 
Figure 9.9 A-F: Micrographs and secondary electron (SE) images illustrating the degree 
and extend of BMS and oxidation and alteration in the Troctolite Unit. A) Highly altered 
BMS in the foliated felsic-mafic layer (FT4207, 230.20 m), B) highly altered and leached 
BMS in the troctolite of TU3 (FT1046, 113.89 m), C) oxidised BMS with magnetite 
oxidation rim in ol-norite (TU3, FT4203E, 90.78) and D) Remnants of altered BMS in 
norite (TU4, FT1010, 44.55 m).  
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9.4 BMS mineral chemistry and PGE concentration 
 
BMS in the TU and MZ was analysed using semi-quant EDS-SEM. Trace element 
and PGE concentrations of selected BMS were determined by LA-ICP-MS. The 
samples analysed were restricted to BMS >40 µm in diameter (due to the 
requirements of the laser spot size), see for example Figure 9.10.    
 
 
Figure 9.10 A-E: Micrographs of the different BMS analysed with LA-ICP-MS, illustrating 
the range, limited size and polyphase nature of the BMS of the TU. A) Polyphase BMS 
of pyrrhottite-pentlandite-chalcopyrite (FT1143), B) small altered chalcopyrite (JD14), 
C) multiphase BMS with pyrrhotite (FT1089), D) Oxidised BMS with chalcopyrite and 
pyrrhotite (FT4203D) and E) chalcopyrite and pentlandite (FT1038).  
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Figure 9.11 (previous page): Downhole log of BMS distribution and assemblages in the 
Troctolite Unit and Main Zone below as well as IPGE, S and Co concentration. BMS 
assemblage numbers are the same as in the text. 
 
A few contradicting and interesting trends regarding grouping of the BMS includes 
(see Figure 9.11, 9.12, 9.13, 9.14): 
1. All BMS types, lesser so pentlandite, of the TU are enriched in Se relative to 
obviously magmatic BMS in the Flatreef (data from Nodder, 2015).  
2. Several pentlandites of the TU have higher concentrations of PGE than 
magmatic pentlandite of the Flatreef or any BMS species reported in the 
Flatreef (see for example Marquis, 2015; Nodder, 2015).   
3. Pentlandites of the TU are enriched in Co relative to magmatic pentlandite of 
the Flatreef.   
4. Individual BMS have a wide range of Se concentrations (<20 to >400 ppm). 
This range is greater than the range of Se reported in the magmatic BMS of 
the Flatreef. 
5. Some BMS are likely to have experienced loss of Se, as seen in BMS with 
elevated IPGE (~4.5 ppm) and very low Se (25 ppm); high concentrations of 
IPGE is usually associated with high concentrations of Se 
6. Some assemblages can be highly oxidised but still have high IPGE, Se and 
Co.  
7. Co concentration seems to be a function of the host BMS. Overall Co 
concentration is higher in magmatic and magmatic-hydrothermal pentlandite 
than hydrothermal assemblages.  
8. Given the similar mineralogy, some BMS classified as TU assemblage 2 and 
3 might be altered / oxidised/ leached varieties of assemblage 1.  
9. BMS interpreted to be hydrothermal in origin seem to be associated with 
higher PGE grade regions.  
 
When TU BMS are compared against sulphide R factor models (Campbell and 
Naldrett, 1979) and destructive sulphide scavenging (DSS) models (Kerr and Leitch, 
2005) generated from Bushveld B1 and B3 magma compositions (Barnes et al., 2010) 
and a magmatic sulphide dataset for the Flatreef (Marquis, 2015; Nodder, 2015) some 
striking differences are evident on metal vs. Se plots (see Figure 9.12, 9.13, 9.14). 
Flatreef BMS are widely considered to be magmatic and define a narrow field in metal 
vs Se space with pentlandite and pyrrhotite close to the model curves for a B1 magma 
composition at R factors between 5000 and 50000. The B3 magma composition of 
Barnes et al. (2010) only contains 0.012 ppm of Se and this limits the B3 sulphide 
model curves to <25 ppm Se regardless of the R factor. Only one pyrrhotite analysis 
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from the TU shows such a low Se concentration with all of the others much more 
enriched than predicted by the B3 magma Se value reported by Barnes et al. (2010); 
suggesting that it is probably not representative of the true Se concentration of the 
MZ magma in the northern limb. R-factor and destructive sulphide scavenging (DSS) 
models as well as D-values (Mungall and Brenan, 2014; Peach et al., 1990) and 
starting compositions of the B1 and B3 magmas (Barnes et al., 2010) used are 
provided in Supplementary Appendix 20.  
 
 
Figure 9.12: IPGE/Se of the different BMS found in the Troctolite Unit compared to 
magmatic Flatreef (Marquis, 2015; Nodder, 2015) and Jinchuan deposit (Prichard et al., 
2013) BMS. Samples that fall below detection limit were plotted to illustrate the range 
and association of the sample suite.  R-factor modelling and D values used in modelling 
are provided in Supplementary Appendix 20. D values were taken from Mungall and 
Brenan (2014) and Peach et al. (1990) (Se values only). Concentrations of the B1 and B3 
magmas were adapted from Barnes et al. (2010).  
Se (ppm) Se (ppm) 
Se (ppm) 
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A small number of TU pentlandite and pyrrhotite analyses lie close to the B1 model 
curves for total IPGE and PPGE vs. Se (Figure 9.12 and Figure 9.13) but the majority 
lie to the right (i.e. are richer in Se) compared with all the model curves. None of the 
BMS in the TU lie on the model curves for total PPGE vs. Se; the majority are more 
Se-rich than the Flatreef BMS or predicted for any purely magmatic sulphide. The 
exceptions are a small number of low-Se but strongly Pd-enriched pentlandites that 
are assigned to assemblage 3 and that define a separate field to the left of the model 
B1 sulphide model curves. 
 
 
Figure 9.13: PPGE/Se of the different BMS found in the Troctolite Unit compared to 
magmatic BMS of the Flatreef (Marquis, 2015; Nodder, 2015) and Jinchuan deposit 
(Prichard et al., 2013). Samples that fall below detection limit were plotted to illustrate 
the range and association of the sample suite. See Appendix 20 for D-values and 
starting concentrations used in models.  
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It should be noted that elevated Se is a general feature and not a function of alteration 
as elevated Se is found in some of the least altered and most pristine BMS, so it does 
not appear to be a function of S-loss. Likewise, low Se values may be present in 
pristine relatively unaltered BMS. The BMS of the TU can therefore not be solely 
magmatic in origin nor can their chemistry be explained as an artefact of alteration. 
The available evidence suggests that the TU BMS must have formed by a 
combination of processes, most possibly hydrothermal or magmatic-hydrothermal, 
and involving the upgrading of Se, Pd and Co at various stages.  
 
 
Figure 9.14: Co/Se of the different BMS found in the Troctolite Unit. Filled symbols are 
the TU (blue and green) and open symbols the Flatreef (Marquis, 2015; Nodder, 2015). 
Samples that fall below detection limit were plotted to illustrate the range and 
association of the sample suite.   
Blue 
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One of the most peculiar features of BMS in the TU is an overall bimodal distribution 
in Se (Figure 9.15) and various other trace metals, Co concentration in pentlandite 
and elevated concentrations of Ni, Zn, Au and Ag. The S/Se ratio of BMS in the TU is 
quite variable and cannot be obviously linked to lithology nor is it a function of height 
(i.e. not fractionating upwards). Rather, Se concentrations (and therefore S/Se ratios) 
exists over a wide range per BMS per sample (Figure 9.11). There seems to a bimodal 
relationship between Ni/Fe (proxy for BMS type) and Se across all BMS of the TU 
(Figure 9.15). The bimodal trend might be either due to different assemblages and/or 
generations of BMS in the TU i.e. magmatic (high Se) or hydrothermal (lower Se) or 
a function of alteration of the BMS i.e. either losing S or Se. The wider significance of 
S/Se ratios in the BMS of the TU is discussed in Chapter 11.  
 
  
Figure 9.15: Se vs. Ni/Fe illustrating the bimodal concentration of Se within different 
BMS types. BMS are split according relative to their Ni concentration. Symbols denote 
BMS assemblage type with red diamonds highlighting Pd (>500 ppm) rich pentlandite. 
Flatreef data from Marquis (2015) and Nodder (2015). 
 
Pentlandites in the TU are enriched in Co, irrelevant of the BMS assemblage. Some 
pentlandites of the TU are especially enriched in Co, >2 wt.% and up to 20 wt.% 
(Figure 9.16). Like Se, there seems to be a bimodal trend in Co concentration in 
pentlandite. Higher Co concentration can tentatively be linked to different BMS 
assemblages with magmatic BMS > hydrothermal.  Figure 9.14 shows that the TU 
has overall similar Co concentrations in pentlandite than the J-M Reef of the Stillwater 
Complex (Godel and Barnes, 2008). Why TU pentlandite is overall enriched in Co is 
not clear. Elevated Co concentration might be a function of when the pentlandite 
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formed; crystallisation via peritectic reactions (higher concentrations expected) or 
exsolution from MSS/ISS (lower concentrations expected); see for example trace 
element and PGE concentration in pentlandite of the in massive sulphides of the 
Kharaelakh Intrusion of Russia (Mansur et al., 2018). Likewise, the bimodal 
concentration in pentlandite might be a function of the source of the BMS and/or 
alteration and reworking of the original BMS assemblages and so concentrating or 
losing Co; enriching either pentlandite or the accompanying phases like chalcopyrite.   
 
 
Figure 9.16: Co concentration in pentlandite of the Troctolite Unit (Co vs. S) and as a 
function of Ni concentration compared to other regions in the northern limb. Data was 
adapted from Marquis (2015) and Nodder (2015) (Flatreef) and Godel and Barnes, 2008 
(Stillwater Complex). 
 
Overall TU-BMS does not seem to be overly enriched in trace elements but has higher 
than expected concentrations of Au (avg. <1 ppm, range=< 0.01-13.4 ppm), Ag (avg. 
<15 ppm, range= <0.28 -180 ppm), Pb (avg. <0.010 ppm, range= <0.001 – 0.05 ppm), 
Te (avg. <25 ppm, range= <0.45 -315 ppm) and Sb (avg. <3 ppm, range= <0.31-19 
ppm). Enrichment might be due to some extend to discreet minerals of these elements 
found within, or intergrown or on the edge of the BMS. These elements are also 
commonly associated with PGMs in the TU with PGM types dominated by Sb. 
Elevated Zn concentrations can be attributed to flecks and the intergrown nature of 
sphalerite and bornite with pentlandite-pyrrhotite-chalcopyrite. Rarely does sphalerite 
occur as single well-formed minerals. 
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Magmatic-hydrothermal BMS are enriched in IPGE (>10 ppm) whilst exclusively 
hydrothermal BMS are depleted in IPGE<<1 ppm (IPGE) (Figure 9.11 and 9.17). 
Hydrothermal BMS are different entities to magmatic BMS and not an artefact of 
alteration of magmatic BMS i.e. BMS are not losing IPGE. IPGE are unlikely to be lost 
or leached from the BMS as they are relatively immobile and their presence or lack 
thereof can be used as a paragenetic indicator to identify relatively high temperature 
BMS. IPGE poor BMS have significant concentrations of PPGE that is more mobile 
than IPGE. Even if fluids are able to leach the IPGE there is limited to no IPGE PGM 
in the TU, see Chapter 10 on PGM characterisation. PPGE concentration in these 
BMS must therefore be a primary function of their source or formation.   
 
  
Figure 9.17: IPGE and PPGE concentration in the various types of BMS found in the 
Troctolite Unit. Different symbols denote the three BMS assemblages, green symbols 
are high grade hydrothermal Pd pentlandite and grey symbols are Flatreef BMS 
(Marquis, 2015 and Nodder, 2015).   
 
There is no obvious fractionation with height in PGE concentration in bulk rock or in 
BMS; high PGE concentration BMS occurs sporadically throughput the TU. From 
Figure 9.11 there seems to be a positive correlation between the occurrence of BMS 
and PGE grade. Elevated bulk rock PGE concentrations, especially at the TU3-TU4 
transition, seem to be linked to the presence of hydrothermal BMS (Figure 9.11).  
Hydrothermal BMS are enriched in PPGE and especially Pd (Figure 9.17). Bulk rock 
analysis show that the TU is enriched in PPGE>>IPGE, especially in high grade zones 
(see Chapter 7). A peculiarity of the TU is that is generally depleted in IPGE, and 
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particularly in ultramafic units. Where whole rock IPGE enrichment occurs it might be 
linked to the presence of early magmatic BMS. And so, in regions of elevated PGE 
grades, both magmatic and hydrothermal BMS might be present. The occurrence of 
more than one type of BMS assemblage within a single sample is found throughout 
the TU (Figure 9.11).  
 
The TU is depleted in Au relative to PGE (see Chapter 7) and BMS are overall 
depleted in Au (<1 ppm), especially magmatic and magmatic-hydrothermal BMS. 
Hydrothermal BMS carry some grade, up to 10 ppm, but on average <1 ppm. Au, 
unlike IPGE, is found widespread in the TU as electrum with different ratios of Ag (see 
Chapter 10 and Supplementary Appendix 21). However, despite the ubiquitous fine 
grained electrum the TU is still overall depleted in bulk Au. Either Au was never 
present in the TU or it has been lost / leached, as it is more mobile and easily moved 
by later (possibly low temperature) fluids.   
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Chapter 10 
Precious Metal Mineralogy of the Troctolite Unit  
 
The elevated concentrations of PGE and Au in the TU are manifested as platinum 
group-element minerals (PGM) and phases, together with alloys, electrum, and other 
semi-metal phases. These were characterised using manual and automated EDS-
SEM. PGM associations (with lithology, texture and silicate-sulphide mineralogy), 
PGM size and PGM morphology were quantified and used to track the distribution of 
PGE in the TU and constrain the potential source/s of PGE enrichment. Materials and 
methods followed are given in Appendix A and metadata and PGM log sheets and 
EDS-SEM data are provided in Supplementary Appendix 21. 
 
10.1 PGM assemblages  
 
A total of >213 PGM grains were measured in 18 thin sections using manual SEM-
EDS characterisation (Figure 10.1). A further >450 PGM phases were picked up in 
four samples using automated PGM characterisation methods. PGM distribution is 
erratic and subject to strong nugget effects in the TU-VSF2 and whole rock PGE 
enrichment is not necessarily linked to abundance of PGM in the volume typically 
taken to prepare a thin section. There are examples where a sample with indicated 
bulk PGE enrichment (>200 ppb 6PGE) might yield little to no PGMs in section, whilst 
thin sections from samples with lower grade (<200 ppb 6PGE) in the bulk assay can 
sometimes have a single or several small PGMs (see also Figure 10.2). A sample 
fraction of high and very low bulk PGE grade together coupled with a range of 
lithologies was analysed (characterised using automated SEM) for a holistic 
preliminary overview of PGM characterisation in the TU. Samples devoid of PGM 
were not included in the sample fraction analysed.   
 
The PGM and other phases were quantified by the frequency of grains and by the 
volume. Due to the altered, broken and scattered nature of PGM in the TU (see for 
example Figure 10.3 and 10.4) size and volume of PGMs were calculated and as well 
as the number of grains. PGMs are fine grained with the majority (~30% by volume) 
of measured PGM <1-5 µm in diameter (range between 50 µm - <100 nm) (Figure 
10.1). The size of PGM were determined by measuring the diameter of the longest 
axis, if possible, of an induvial PGM or polyphase PGM aggregate. Volume is a more 
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accurate and consistent parameter to convey the relative concentration or abundance 
of a specific phase present; particularly where PGM are present in altered rocks and 
may be broken up into many small particles. The volume of PGMs were determined 
by taking a perfect ellipse, based on the diameter of the grain. Calculation and 
methods used are given in Appendix A and B.  
 
 
Figure 10.1: Summary of PGM mineralisation in the TU, based on >200 PGM and Au 
grains from 18 samples (manual searched PGM fraction). PGM mineralisation found 
within silicate minerals made up <<1% of the analysed sample fraction.  
 
The most frequent PGM types by number of grains are antimonides (25%) 
>bismuthides (9%)>arsenides (27%) (Figure 10.1).  This is reflected by calc. volume% 
with antimonides>bismuthides>tellurides. PGMs in the TU are not restricted to a 
specific lithology, horizon or depth. However, the relative ratios or number of different 
PGMs (assemblages) varies between samples. This might be a function of the source 
of the PGE/PGM, BMS (magmatic, magmatic-hydrothermal or hydrothermal) and the 
amount and intensity of fluid overprint in a specific lithology. The PGM fraction 
analysed is also limited to some extend to the analytical methods (manual or 
automatic scanning using ASEM) used and the fine-grained nature of PGMs overall 
in the TU.  
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10.1.1 Classification and parameters of PGM assemblages 
 
PGM were grouped into associations/types based on chemistry into native forms 
(including solid solutions), arsenides, germanides, antimonides, tellurides, bismuth-
tellurides, bismuthides, alloys (PGE with any metal or semi-metal including Pb), 
sulphides and Au-bearing (electrum) phases (Table 10.1). The TU samples studied 
in this work lack PGM phases containing IPGE, Ag, Cu, Ni and Se. The lack of Se 
PGM is surprising as elevated concentrations of Se are found in BMS of the TU (see 
Chapter 9). If, present Se is occurs at low concentrations (<0.5 wt.%) in Pd and Pt 
arsenide associations. 
 
Table 10.1: The range of Platinum-group minerals (PGM) and Au phases found in the 
Troctolite Unit, VSF2 borehole. See Supplementary Appendix 21 for PGM datasheets.  
PGM 
Minerals 
Ideal 
Formula 
Formula TU PGM type 
Rock type 
in which 
occurs TU 
Association 
in the TU 
Alloys+ 
unnamed 
phases 
various 
PGE-Fe 
PGE-Pb 
PGE-Pb-Ge 
Pb-Hg 
Alloy  TROC Hydrothermal 
Arseno-
pallandinite 
Pd8As2.5Sb6.5 Pd8As2.5Sb6.5 Arsenide PYX  
Electrum AuAg Aux-Agx Alloy TROC, AN  
Hollingworthite RhAsS (Rh,Pt,Ir)AsS Arsenide PYX, SERP Hydrothermal 
Irarsite IrAsS (Ir,Pt)AsS Arsenide AN Hydrothermal 
Isoferro- 
platinum 
Pt3Fe Pt3Fe Alloy TROC  
Isometriete Pd11Sb2As2 Pd11(Sb,Te)2As2 Antimonide PYX  
Kotulskite PdTe PdTe Telluride TROC Hydrothermal 
Maslovite PtBiTe PtBiTe Telluride PYX  
Mertiete II Pd8(Sb,As)3 Pd8(Sb,As)3 Antimonide 
AN, PYX, 
SERP, UM 
Hydrothermal 
Moncheite PtTe2 Pt(Te,Bi)2 Telluride TROC Hydrothermal 
Paladoarsenide Pd2As Pd2As Arsenide PYX  
Platarsite PtAsS (Pt,Rh)AsS Arsenide PYX, AN  
Sobolevskite PdBi  Bismuthide AN  
Sperrylite PtAs2 (Pt,Pd)(As,Sb)2 Arsenide PYX, AN Hydrothermal 
Stillwaterite Pd8As3 Pd8As3 Arsenide PYX  
Zvyagintsevite Pd2Pb Pd2(Pb,Ge) Alloy TROC Hydrothermal 
 
Other micron sized minerals were also recoded to determine PGM formation and 
genesis including Au-Ag phases (non-PGE), native metals (any, non-PGE), alloys 
(any, non-PGE), BMS, oxides and others (monazite, sphene, zircon, baddeleyite). 
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The PGMs were grouped according to dominant PGE/s that define the mineral 
formula, and ordered accordingly when written out, into: Os-Ir-(Rh,Ru), Rh, Ru, Pt-
Pd-(Rh/Ru), Pt-dominant, Pd-dominant. This was essential to track PGE fractionation 
and correlate PGM whole rock with PGE concentrations and to establish relationships 
with BMS and the major silicate minerals. This is useful because the temperature 
conditions at the time that the PGM formed can be ‘linked’ to its association with BMS 
(and other phase associations) or assigned an arbitrary temperature window; high 
temperature magmatic (see O’Driscoll and Gonzalez-Jimenez, 2016) and low 
temperature modification: over a range as low as 300°C (O’Driscoll and Gonzalez-
Jimenez, 2016). The relative timing of PGM formation and associations with other 
minerals evident in the mineral textures were used to infer whether the PGM 
developed at high or low temperatures.  
 
In the TU BMS and PGM are associated with several key textures and phases 
amphibole, 2) biotite, 3) pyroxene mottles, 4) secondary veins, 5) trapped inside 
plagioclase or between triple junctions of plagioclase, 6) serpentinite/ alteration, 7) 
other features like fluid inclusions and zoning in plagioclase.   
 
The TU is sulphide poor with disseminated BMS and typically <1% modal and < 200 
µm in size. PGM is associated with BMS in the TU to some extent (Figure 10.2). It 
was found here that a sample can be rich in BMS but lack PGM and vice versa. 
Additionally, higher concentrations of BMS does not always equate to higher numbers 
of PGM grains. Limited PGMs were picked up in the silicate lattice or oxide phases. 
This might be due to the techniques used to quantify the PGM, human error and the 
brightness / phases of PGM sitting in / between the silicates that is not picked up by 
the automated methods.  
 
10.1.2 Description of assemblages 
 
The occurrence and distribution of PGM in the TU is erratic and does not seem to be 
linked to lithology, mineralogy or depth (see Figure 10.2). PGMs are found mostly as 
single phase entities with rare polyphase minerals. The range in size, composition 
and association within the TU, and an induvial sample, is shown in Figure 10.3.  
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Figure 10.2: Distribution of PGM types (manual searched fraction) with depth in the VSF2 borehole. PGM assemblages/ types are coloured the same as 
in the pie charts of Figure 10.1. (1= tellurides, 2= bismuthides, 3= antimonides, 4= germanides, 5= arsenides 6= electrum, 7= PGE-Pb, 8=alloy).
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From the limited number of samples and lithologies analysed no clear relationship 
was obvious and lithologies analysed seem to have unique ‘packages’ of PGM. 
However, electrum, PGE-Fe alloys and especially Pd-Pb assemblages seems to be 
commonplace and occurred in all samples analysed. 
 
Overall, there is a miss match between PGE enrichment factors and PGM types found 
with PGM mapping. The TU is depleted in IPGE relative to PPGE and this is reflected 
in the observed PGM assemblages; the TU is devoid of IPGE-bearing PGM phases. 
This demonstrates that IPGE are almost exclusively accommodated in BMS (see 
Chapter 9) and did not form distinct PGM. PGM types based on dominant PGE can 
be expressed as Pd>Pt>>Rh>>Ru-Os-Ir. The PGEs tend to occur in solid solution 
with Pd-Pt minerals the most dominant class of the PGM. Pd-dominant PGMs have 
some Pt component whilst Pt-dominant PGM do not always contain Pd. The TU 
contains a relatively low abundance of Pt-bearing PGM but a significant fraction of the 
bulk rock Pt is evidently locked up in the Pd-PGMs.  
 
 
Figure 10.3 A-D: The variety of PGM types, size and associations found within a single 
sample (anorthosite, 6E >10 ppm).  A) Large (60 µm) polyphase PGM found in the 
alteration of BMS surrounded by clay alteration and amphibole. The BMS has been 
leached leaving the more competent PGM. B) Medium size (20 µm) attached to BMS. C) 
Small rounded blebs (<1 µm) of Pd-Pb on the edges of BMS and D) PGM found between 
BMS and on the edges.  
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10.1.2.1 Antimonides: PGE-Sb-(As) 
 
Antimonides are the most common occurring group of PGM in the TU (55% of 
analysed sample fraction by volume). They are found as Pd>>Pt phases throughout 
the TU apart from mottled troctolite in the TU3 (Figure 10.2). The minerals range 
between <1 µm to up to 15 µm in diameter (avg. = 2 µm) (Figure 10.3 A). The phases 
tend to be common in alteration and oxidations zones of BMS, or where the BMS has 
been completely removed.  
 
10.1.2.2 Germanides: PGE-Ge-(Pb) 
 
Germanium-rich Pd-Pb PGM phases occurs in the alteration and oxidation zones of 
BMS. These minerals are typically found as very fine rounded high-density grains of 
<<1 µm. The phases are not picked up by automated methods and missed with 
manual searching methods as they are finely mineralised and widespread in oxidation 
and highly altered areas around BMS. The number of Germanides were not recorded 
due to their size and frequency. However, several larger phases (> 1 µm) were used 
to constrain the group. These Ge-phases are unnamed or unconstraint phases.   
 
10.1.2.3 Alloys and Pd-Pb phases 
 
Alloys consists predominately of Pt-Fe and Pd-Pb-(Fe) with very rare native elements 
(solid solution of Pt-Pd±Ru). The most common alloy is Pd-Pb. These occur as very 
small rounded PGMs (<1 µm) in the alteration zones of oxidised BMS (see for 
example Figure 10.3 C).  
 
10.1.2.4 Electrum 
 
Electrum or Au-Ag±PGE phases are found throughout the TU, apart from the upper 
pyroxenite, as small rounded phases in the BMS-silicate alteration zones and rarely 
attached to BMS. Like Germanides, electrum is not always picked up by automated 
characterisation and easily missed with manual methods due to their size and 
association with the silicate-BMS alteration zones. Electrum might be a more common 
phase in the TU than reported here. The TU is overall depleted in Au and relative 
whole rock Au enrichment mirrors PGE enrichment zones (see Chapter 7).  Overall, 
the phases are Au>>Ag dominant with typical ratios of 3:2 to 2:1. PGE enrichment is 
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rare in electrum with Pd enrichment less than 1 wt.%.  Traces of Au (<0.5 wt.% Au) 
and Ag (< 2 wt.%) are found within other PGMs.  
 
10.1.3 PGM association with BMS 
 
Some PGMs are spatially linked to BMS and occur either enclosed in BMS (rarely) or 
on the edges or the alteration zones (most common) (Figure 10.4). Less than 1% of 
the sample fraction analysed occurred between silicates or totally enclosed within 
silicate minerals (none).  
 
Overall there seems to be a link between amphibole and BMS and PGM in all samples 
(see for example Figure 10.5). The association of PGM with chalcopyrite and Co-rich 
pentlandite (>1 wt.% Co) ±sphalerite, hydrothermal BMS (see Chapter 9), lack of 
IPGE-PGM (like laurite), dominant Pd-PGM types and phase relationships with 
silicate minerals (amphibole, serpentinite and other alteration phases) indicate that 
the majority of the PGM sample fraction formed at intermediate to low temperatures.  
 
 
Figure 10.4 A-D: SE images illustrating the textural relationship of PGM and BMS and 
associated silicate and alteration phases. A) PGM enclosed in broken and oxidised 
BMS, B) PGM enclosed and on the edges of broken BMS. C) PGM in the alteration / 
oxidation zones around BMS. PGM are found as small alloys (<< 1 µm) in these rims. D) 
PGM and Electrum scattered in the broken and BMS.  
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10.2 PGM horizons and links with lithology, texture 
and bulk rock PGE enrichment  
 
Elevated (>1 ppm 6E) whole rock PGE enrichment is found in three to four distinct 
areas in the VSF2 borehole; (i) the pegmatoidal zone, (ii) at and around the TU2-TU3 
boundary, (iii) in and around the TU3-TU4 boundary and (iv) in pyroxenite of the TU4 
(Figure 10.6). These areas were targeted for PGM characterisation to establish how 
PGMs are mineralised and how they have been influenced by magmatic or 
hydrothermal processes.  
 
10.2.1 PGE mineralisation in and around the pegmatoid (TU2) 
 
PGE enrichment in and around the pegmatoid is strongly linked to more mafic 
lithologies (see for example Figure 10.6 A) but on a small-scale, enrichment tends to 
occur where there is a rapid and irregular change in lithology over small intervals 
mimicking large scale trends. Whole rock PGE+Au varies between 2 - >5 ppm in these 
mineralised samples. Enriched zones are highly altered, contain amphibolised 
pyroxene, are rich in plagioclase or sit at changeover from anorthositic to 
mafic(ultramafic) lithologies. PGMs are very rare and found as small phases (< 5 µm) 
of Pd-As-Sb species and small blebs of alloys (Pd-Pt-Pb-Fe), predominantly in the 
BMS-silicate alteration zones.  
 
10.2.2 PGE mineralisation around the TU2-TU3 boundary 
 
PGE enrichment increases from <100 ppb to >10 ppm at the TU2-TU3 boundary. The 
boundary falls between anorthosite (stratigraphically lower) and serpentinite (Figure 
10.6 C).  The highest grades are found in the anorthosite (10.1 ppm PGE+Au) 
compared to the serpentinite with 4.4 ppm PGE+Au (Figure 10.6 B).  
 
Mineralisation in the anorthosite is associate with altered chalcopyrite surrounded by 
amphibole or alteration minerals. These alteration zones also sometimes carry 
minerals enriched in LIL and HFSE such as monazite, baddeleyite, sphene and 
zircon.  
 
PGM are found as a variety of sizes, ranging from large polyphase PGM (> 50 µm) to 
blebs of <1 µm in the alteration zone of BMS-silicates (Figure 10.4). Large PGM have 
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a halo of smaller broken / scattered PGMs around it. PGM consist of a diverse group 
of Pt-As, Pd-Sb-(Te), Pd-Bi-(Te), Pd-Sn-(As). Ru (and more rarely Ir) may substitute 
for Pd in some Pd-As phases. The layer is also rich in small rounded phases of 
electrum in the alteration zones of BMS or semi-attached to BMS.   
 
The serpentinite is dominated by Pd PGMs of Pd-Sb-(As) and lesser Pd-Te-Bi phases 
(Figure 10.4). PGMs are found as intermediate phases (<10 µm) and inclusions or on 
the edge of highly altered BMS or as small blebs (<1 µm) of Pd-Pb alloys in the highly 
altered silicates around the BMS. Oxidised BMS are closely associated with 
amphibole in the serpentinite (Figure 10.4). 
 
10.2.3 PGE mineralisation in the massive troctolite sequence 
(TU3) and around the TU3-TU4 contact.  
 
The contact between the TU3-TU4 is placed between a mottled troctolite and 
serpentinised harzburgite. A bulk analysis of a sample encompassing both the 
troctolite and harzburgite taken by Davey (2014) yielded a grade of 2.5 ppm PGE+Au. 
However, closer inspection of the contact zone carried out in this study established 
that PGE enrichment is associated with the less mafic lithology i.e. troctolite and not 
serpentinised harzburgite. Assays of a harzburgite samples directly above the contact 
yield values of <500 ppb PGE+Au whereas extreme enrichment (>11.5 ppm PGE+Au) 
is found in mottled troctolite in a <1 m thick zone immediately below the contact 
(Figure 10.6 D). The same mottled troctolite-serpentinite and pattern of enrichment is 
found in the BV1 borehole (see Chapter 7). The two mottled troctolites are strikingly 
similar with pyroxene and amphibole mottles, amphibolised pyroxene (now 
cummingtonite) and altered BMS assemblages.  
 
Within the mottled troctolite, large PGM are found enclosed in altered chalcopyrite 
and Co-rich pentlandite. The PGM assemblages developed in this zone are among 
the most diverse in the TU and consist of Pt-As, Pt-S-(As), Pt-Te, Pd-Te, Pd-Sn-Te 
PGM and lesser electrum. 
 
PGM also occur in the lower grade harzburgite but the number and variety of types is 
restricted compared to the troctolite below. PGM in the harzburgite are limited to small 
PGE-alloys (<< 1µm) and Pd-Te-(Fe) in the alteration halos of BMS associated with 
olivine (see for example Figure 10.4 C).  
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10.2.4 PGE mineralisation in the TU4 pyroxenite 
 
Assays of the pyroxenite in the TU4 reported by Cheshire (2011) showed elevated 
enrichment (>2 ppm PGE+Au). However, assays of fresh unaltered pyroxenite 
samples of this horizon by Davey (2014) did not find any significant grade (< 100 ppb 
PGE+Au, Davey, 2014). This paradox has been resolved by this work that has found 
that PGE enrichment (>5 ppm PGE+Au) is restricted to a serpentinised biotite-rich 
pyroxenite (Figure 10.5), about 0.5 m stratigraphically above the unaltered pyroxenite 
analysed by Davey (2014).  
 
PGMs present in this localised zone are characterised by a polyphase PGM of >100 
µm (Figure 10.5) with smaller PGM scattered in the sample. The poly phase PGM sits 
within amphibole alteration of the original pyroxene. The PGMs are found in the 
alteration zone of the BMS (ccp-po-pn) and consists of several individual PGMs of 
Pd-As-(Sb,Hg,Ag), Pd-Bi-Te, Pt-As and Pt-Ru-As-S types (e.g. Figure 10.5 D). 
 
 
Figure 10.5 A-D: Micrographs illustrating the difference between mineralised and non-
mineralised pyroxenite with an example of PGM and BMS found associated with 
amphibole in the mineralised pyroxenite. A) Mineralised pyroxenite (> 5 ppm 6E), B) 
Non-mineralised pyroxenite (< 500 ppb 6E). The pyroxenite is PGE rich but no PGM. C 
and D) Micrographs of boxed area in A in plain polarised light and cross polars. Note 
the scale and size of the PGMs.    
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10.3 Quantifying PGE mineralisation and distribution 
in the TU 
 
Elevated PGE enrichment occurs in both ultramafic, mafic and anorthosite lithologies 
with the highest grades recorded in anorthosite and troctolite. PGE enrichment in 
more leucocratic lithologies are up to a factor more enriched than ultramafic units (e.g. 
>10 ppm in troctolite-anorthosite and <5 ppm – 500 ppb in more mafic units). The 
leucocratic-PGE enrichment association can also be traced on thin section scale as 
both BMS and PGM are closely associated with pyroxene- mottles in less mafic areas 
(Figure 10.6 D and E).   
 
 
Figure 10.6 A-F: Lithology and texture relationships of the highest-grade PGE samples 
found in the TU of the VSF2. A) Ultramafic lithology with significant plagioclase, just 
above the pematoidal horizon (3.58 ppm 6E). B) Anorthosite with zoned plagioclase and 
pyx/amp mottles (9.6 ppm 6E), C) Serpentinite just above B (4.3 ppm 6E), D) Mottled 
troctolite (>10 ppm 6E). Note association of grade with mottles and amphibole. E) 
Similar textures and PGM distribution are found <1 m above D (>5 ppm 6E, mixed 
lithology) and F) highly altered pyroxenite with biotite and amphiboles. 5.8 ppm 6E). 
Boxes show spatial distribution / where PGM are concentrated within the sample.  
 
What is evident from phase and BMS associations of PGM is that PGE and PGM is 
not a function of rock type and there does not seem to be one obvious indicator of 
PGE enrichment. PGM enrichment is erratic and found in lithologies with and without 
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mottles, with and without olivine or interstitial olivine, presence of hydrous minerals 
such as amphibole, biotite, apatite and fluid inclusions. If anything, mineralisation 
seems to be linked to the presence of fluids and associated minerals like amphibole, 
biotite and recrystallisation features indicating that mineralisation and BMS might be 
linked to volatiles. The presence of PGM is more a function of the secondary 
distribution and reworking of magmatic and magmatic-hydrothermal BMS. PGM is 
strongly associated in texturally and mineralogy complex lithologies. PGE enrichment 
is higher in rocks with evidence of metasomatism (hydrothermal modification) and 
more than one type of BMS assemblage (see Chapter 9) – a mixture of primary and 
hydrothermal and the reworking there-off. 
 
PGM mineralisation (and PGE enrichment) might be present in the TU if (see also 
Figure 10.6 A-F): 
1) Change over between ‘cycles’- i.e. from leucocratic to ultramafic lithologies 
with reaction type boundary, e.g. JD03, JD14-JD15.  
2) A rapid change from olivine-poor to olivine rich is also noticeable on a micro 
scale, e.g. FT4209. 
3) Mottled lithologies with BMS, e.g. FT1038. 
4) Ultramafic lithologies that are highly serpentinised, e.g. JD02,15,16,17,18 
5) The presence of amphibole (especially cummingtonite), apatite and biotite, 
e.g. JD02, FT1128. 
6) A mixture of primary BMS and magmatic-hydrothermal and hydrothermal 
BMS- i.e. chalcopyrite, sphalerite, e.g. FT1128. 
7) Anorthosite with secondary veins and amphibole mottles and/or veins e.g. 
JD14 and BK074. 
8) Texture indicating recrystallisation of plagioclase with zoning, fluid inclusions, 
triple junctions, embayed contacts or BMS trapped inside plagioclase, various. 
9) BMS associated or found near interstitial olivine. 
10)  Coarse grained to very course grained to pegmatoidal lithologies, e.g. 
FT4209, FT1128.   
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Chapter 11 
Synthesis 
 
This chapter focuses on the formation of the TU and its relationship to the MZ. 
Results, from Chapters 5-10 and previous studies on the TU and surrounding MZ, 
are discussed here in the broader context to evaluate the feasibility of proposed- 
and new TU formation models and evaluated to determine how the TU might have 
formed.  
 
11.1 Key findings of the study 
 
This study is the first to provide detailed descriptions of the lithological diversity and 
petrology of the TU and its associated PGE mineralisation combining field 
observations and TU and MZ samples from outcrop and the records in the BV1 and 
VSF2 boreholes. The findings outlined in previous chapters place important 
constraints on the nature and origin of the TU rocks. Why would a thick and PGE-
enriched olivine-bearing horizon form in the middle of the MZ? What was the 
sequence of events and what is the cause of the PGE concentration? Any 
successful and holistic model for the origin of the TU and the mineralisation it 
contains must explain the many apparently enigmatic features that characterise it. 
Some of these have been recognised, but not understood, since the unit was first 
described by Van der Merwe (1976; 1978) while others are described here for the 
first time.  
 
Key features of the TU that require explanation may be summarised as follows:  
 
(i) Reappearance and disappearance of olivine 
The transition from olivine-free to olivine bearing rocks at the base (TU1) 
and top (TU4) of the TU is shown to be gradational and not sharp. Olivine 
is sporadically distributed at the bottom (TU1) and top (TU4) with the 
highest abundances in TU2 and TU3 units. Pyroxene distribution 
resembles olivine trends. Clinopyroxene is the dominant pyroxene at the 
bottom of the unit (TU1) whereas orthopyroxene dominates in TU2, TU3 
and TU4 and occurs alone with olivine in the most ultramafic parts of the 
TU.  
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(ii) Lack of intrusive contacts 
The TU lacks sharp/intrusive contacts and/or baked margins with the MZ, 
and within the TU. This together with field observations indicate that the 
TU must have formed either syn-MZ or at its current stratigraphic level.  
(iii) The TU has Main Zone major and trace element chemistry 
The TU is geochemically similar to the olivine-free MZ below; whole rock 
An# and Mg# show only minor variations through the TU, with the 
exception of the felsic replacement zone. The same was true for many 
whole rock trace element concentrations and ratios (see Chapter 7).  
(iv) Olivine abundance, reaction textures and inclusions 
Olivine is not as abundant in the TU as previously described (see for 
example Ashwal et al., 2005) and the TU as a whole is surprisingly 
pyroxene rich. Orthopyroxene forms a significant component of much of 
the sequence, especially in the TU2 and TU3 units, and the dominant 
rock type is olivine gabbronorite (<olivine norite) rather than troctolite. 
Olivine is found most commonly as an interstitial phase (not the cumulus 
phase) with complex rounded shapes and irregular- and cuspate edges. 
Single- and polyphase inclusions (plagioclase-orthopyroxene-clino-
pyroxene-biotite) together with fluid inclusions in olivine and symplectites 
on the edges of olivine are found throughout the TU. The presence of 
these polyphase inclusions imply that olivine grew by replacement of 
pyroxene and plagioclase in earlier rock types such as gabbronorite and 
anorthosite. 
(v) BMS and PGEs are associated with less mafic lithologies  
The TU is sulphide-poor but shows evidence for removal and/or 
replacement of sulphide during alteration. Sulphides are disseminated, 
and two to three prominent generations or assemblages can be 
distinguished: an associated MZ assemblage, magmatic-hydrothermal 
and hydrothermal (see Chapter 9). Where present, sulphides are 
concentrated in leucocratic rocks rather than ultramafic rocks. This was 
echoed by PGE concentration and mineralisation. The highest PGE 
grades (>1 ppm) are not associated with ultramafic lithologies but with 
more leucocratic lithologies (anorthosite>troctolite>peridotite>pyroxenite). 
PGMs formed over a wide temperature range (>1000°C to <500°C) but 
are dominated by ‘lower or intermediate temperature’ (400-800°C, 
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associated with amphibole, serpentinite, chlorite) and possibly 
hydrothermal associated PGM species/ types with Sb>Te>Se PGM. 
PGM are found preferentially in the following associations: within the 
alteration zones of BMS > as inclusions in BMS >>> in or between 
silicates. 
(vi) Lack of Cr and chromite 
The TU lacks Cr (whole rock or mineralised) irrelevant of whether the 
lithology is leucocratic, mafic or ultramafic. Oxides in the TU are 
magnetite and ilmenite dominant. Whole rock Cr/MgO ratios for the bulk 
of the TU are akin to MZ values (<60) as opposed to CZ rocks (>80; 
Seabrook et al., 2005) irrelevant of the TU’s more mafic mineralogy. 
Many of the most ultramafic rocks have Cr/MgO<20 and are highly 
unlikely to have formed by crystallisation from a primitive magma. 
However, there are some areas of Cr enrichment (>1000 ppm) scattered 
throughout the TU. The elevated Cr in these areas is accommodated by 
the pyroxenes (especially clinopyroxene>orthopyroxene) instead of 
forming discrete Cr-mineral phases.  
(vii) Lack of fractionation / cyclic units within the TU 
The TU does not exhibit defined ‘magmatic cycles’ of peridotite-troctolite 
anorthosite and associated fine or larger scale layering. This is echoed 
by key trace element concentrations and ratios in whole rock and 
individual mineral/ mineral assemblages. Cyclicity and/or layering is not 
expressed in core, mineral changes or geochemically; the system seems 
to change haphazardly (see Chapter 6, 8 and 9).  
(viii) Strontium isotopes similar to the Main Zone above and below 
87Sr/86Sr isotope ratios were measured on plagioclase separates 
obtained from the TU in VSF2 by Davey (2014) and on plagioclase in-situ 
in thin section by Mangwegape et al. (2016). These studies found a 
narrow range of 87Sr/86Sr_initial ratios from 0.7076-0.7090 with an outlier 
of 0.7120 associated with the felsic horizon in the TU2 (assuming a 
Bushveld age of 2054.4 Ma; Scoates and Friedman, 2008). The VSF2 Sr 
data are slightly less radiometric than TU values in the BV1 but still fall 
within error of MZ signatures above (BV1: avg.= 0.7075; recalculated 
from Mangwegape et al., 2016) and below (MO1 borehole: avg.= 0.7087; 
Mangwegape et al., 2016). Overall the TU 87Sr/86Sr isotope ratios fall out 
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of range of the Pyroxenite Marker (PM) (~0.7072; Kruger, 1994) or the 
CZ (<0.707; Kruger, 1994). Thus there is no evidence that the TU shares 
any obvious isotopic affinity with the PM or the CZ. 
 
Figure 11.1: Downhole log of δ18O and 87Sr-86Sr results of the VSF2 (data from Davey, 
2014). Legends are the same as for all figures. Reference values were taken from: 
δ18O: MZ= 6.8-7.2 ‰ (Harris et al., 2005); Sr: CZ= 0.707 (Kruger, 1994), lower Main 
Zone= 0.7078±0.0005; upper Main Zone 0.7075±0.0001, Mangwegape et al., 2016; TU 
(BV1) = 0.7084±0.0001 Mangwegape et al., 2016 and the PM =0.70753 (Sharp, 1985).  
 
(ix) Abundance of hydrous minerals  
The TU is rich in hydrous minerals like biotite (and phlogopite), 
amphibole and apatite. These minerals are most abundant in the TU2 
and TU3 and are found associated with the felsic replacement horizon, 
pegmatitic lenses or pods/ eyes and lithologies with interstitial olivine. 
These areas were also sometimes rich in magnetite symplectites.  
(x) Light oxygen isotope (δ18O) signatures 
Studies by Harris et al. (2005) and Davey (2014) have shown that the TU 
has an unusually light δ18O plagioclase signature of 5.6-7.4 ‰ (avg. = 
6.67 ‰) compared to the MZ above and below (range = 6.7-7.8 ‰, avg. 
= 7.14 ‰; Harris et al., 2005) (Figure 11.1). The light δ18O values occur 
in both fresh and highly altered samples and cannot have been due to 
later fluid/s (hydrothermal or meteoric fluids). They also cannot be the 
result of the assimilation of TSG sediments (e.g. Malmani dolomite or 
246 
 
 
shales, δ18O range 8.1-11.6‰; Sharman-Harris et al., 2005) but must be 
a function of the process(es) that formed the whole of the TU. The light 
plagioclase signature might have been caused by alteration at high 
temperatures (see Harris et al., 2005).  
 
11.2 Troctolite Unit formation models: Description 
and assessment 
 
The TU is but one of several recently recognised and enigmatic PGE-rich olivine-
bearing units within the MZ of the northern limb; see also Aurora (McDonald et al., 
2017) and Waterberg (Kinnaird et al., 2017; Huthmann et al., 2018). These olivine-
bearing horizons remain relatively unstudied (see Van der Merwe, 1978; Harmer et 
al., 2004; Ashwal et al., 2005; Kinnaird et al., 2005; McDonald et al., 2017; Kinnaird 
et al., 2017; Huthmann et al., 2016; 2018; McCreesh et al., 2018) and is only now 
becoming obvious what their significance as possible PGE deposits is, and how they 
fit and contribute to MZ formation and evolution.   
 
How the TU formed and how it fits within the formation of the MZ and greater 
northern limb has not been clearly established. Various models have been proposed 
for the formation of the TU before this study (see Barnes et al., 2004; Ashwal et al., 
2005, Kruger, 2005; Davey, 2014; Tanner et al., 2014). However, all these models 
were based exclusively on studies on the BV1 borehole (e.g. Barnes et al., 2004; 
Ashwal et al., 2005, Kruger, 2005; Tanner et al., 2014) and mapping by Van der 
Merwe (1976; 1978). The Davey (2014) model is the only model based on the VSF2 
borehole and that study was primarily geochemical and did not have the time to 
explore the mineralogy and petrology of the TU. The following sections evaluate the 
feasibility of the historical proposed models for the origin of the TU, as well as 
models proposed for other/ similar troctolite (±PGE) deposits, against current 
findings and results from previous studies.  
 
The feasibility of each model described is likewise tested against the parameters 
identified in Section 11.1 that are unique to the TU. The results of this analysis are 
summarised in Table 11.1.  
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Table 11.1: Assessment of proposed models based on results from this study. A tick denotes a positive, an x a negative and ? an uncertain/ dubious/ 
plausible result. Criteria is as specified and discussed in Section 11.1. 
Model 
i ii iii iv v vi vii viii ix x 
Re-
appearance 
+ dis-
appearance 
of olivine 
Lack of 
intrusive 
contacts 
MZ major 
and trace 
element 
chemistry 
Olivine 
abundance, 
reaction 
textures + 
inclusions 
BMS + PGE 
conc. 
associated 
less mafic 
lithologies 
Lack of Cr 
and 
chromite 
Lack of 
frac. / 
cyclic units 
within the 
TU 
Sr isotopes 
similar to 
the MZ 
above and 
below 
Abundance 
of hydrous 
minerals 
Light δ18O 
signatures 
1 
Change in 
Main Zone 
crystallisation 
?   x x  ?  x x 
2 
Intrusive 
body or sill 
X x x x x x  x x x 
3 
Raft of CZ or 
Platreef 
? ? x x x x  x ? x 
4 
New influx of 
magma 
?  x x x x? ? x x? x 
5 
Proximal part  
of the PM 
?  x? x x x ? x x x 
6 Dolomite raft ? x x x x?   x   
7 
Pre-
contaminated 
magma 
  ? x x ? ?  ?  
8 Crystal mush   ? ? x ? ? ? x x 
9 
Reaction 
driven 
crystallisation 
? ? ?  x x x ? x ? 
10 Crystal slurry ? ? x x x ? ?x ? x x 
11 
Flux melting 
of cumulates 
    ?  ?    
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Repeated failures in Table 11.1 are particularly useful as they identify model 
weaknesses and essential requirements for new models. Variables such as 
secondary processes (alteration, weathering, metasomatism, granitic intrusions, 
structures and mineralisation associated with post formation deformation) are not 
considered as they post-date the high temperature TU mineralogy. Variables 
including lithology, petrology, mineralogy, geochemistry, PGE concentration and 
fractionation, isotope systems (O and Sr) and the physical expression of the TU 
(size, shape, magma volume, structures associated with emplacement) will be 
different for each model and can be used to determine the probability of each (see 
Section 11.1). However, certain constraints (and knowledge gaps) apply to all 
models. These including the exact size of the TU (does the TU extend further north 
and south than mapped), the extent of any lithological change in the TU along strike, 
and any variations in the vertical thickness of the TU. 
 
11.2.1 Historic models for Troctolite Unit formation  
 
Each of the prior models that has been put forth for the TU are briefly described 
below and then assessed against the numbered key TU criteria outlined above 
(Section 11.1), to illustrate how effectively each model explains the criteria (or not). 
 
11.2.1.1 Model 1: Change in the crystallisation of the normal Main Zone 
 
This hypothesis assumes that the TU arises from a shift in the normal crystallisation 
sequence that characterises the Lower MZ (orthopyroxene-clinopyroxene-
plagioclase) moving it into the olivine stability field to form olivine-dominant 
assemblages with cumulus olivine (Barnes et al., 2004; Ashwal et al., 2005). The 
model does not state how this change in crystallisation is initiated, what triggered 
any phase shift (whether it is a change in pressure, temperature or composition) or 
the physical state of the MZ at the time of TU formation (liquid or mush). The model 
offers no explanation for the PGE mineralisation because this was not known or 
suspected when the model was proposed. 
 
Barnes et al. (2010) suggested that the Lower MZ liquidus order of plagioclase + 
orthopyroxene followed by plagioclase + orthopyroxene + clinopyroxene required a 
pressure of at least 0.3 GPa and that olivine and plagioclase would crystallise first 
from their parental MZ (B3) magma at lower pressures. This would imply that the TU 
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represents a sudden drop in pressure in the northern limb magma chamber followed 
by a rise in pressure to re-establish gabbronorite crystallisation in the upper MZ. 
How such a temporary drop in pressure is achieved is not explained.  
 
Even if this was possible textural evidence demonstrates this sequence does not 
explain the rocks present in the TU and that instead in many TU lithologies 
plagioclase and/or pyroxene are reacting to form olivine via replacement. The 
apparently high pressures required for these dry crystallisation processes are also 
inconsistent with the shallow emplacement depth seemingly required for large parts 
of the northern Bushveld Complex in order for it to be unroofed, weathered and 
eroded to form the Waterberg Group within a few million years of its emplacement 
(Dorland et al., 2006; Huthmann et al., 2016; Kinnaird et al., 2017). 
 
The feasibility of this model is supported by the lack of intrusive contacts seen in the 
TU and with the MZ, whole rock geochemistry (coupled with an absence of Cr) and 
Sr isotope ratios that will be very similar to MZ signatures. However, the model lacks 
to predict or explain crucial elements such as the appearance and disappearance of 
olivine, observed TU textures and mineral assemblages (especially the abundance 
of hydrous minerals) and the source and measured concentrations of PGE and BMS 
(see Table 11.1).  
 
11.2.1.2 Model 2: Intrusive body or sill 
 
Ashwal et al. (2005) proposed that the TU could represent an isolated intrusive body 
or sill of troctolitic rocks that formed after the formation of the surrounding MZ 
gabbronorite rocks. The model does not state the source, composition or state 
(liquid or mush or slurry) of the intruding magma, how it was emplaced (via faults or 
weak zones), what might have triggered the emplacement (change in stress/ 
deformation event), the timing of intrusion relative to the surrounding MZ rocks, why 
it occurs at the stratigraphic height it does, and whether the TU reflects a single or 
multiple intrusion. The model also offers no explanation for the PGE mineralisation 
as it was not known or suspected at the time when the model was proposed. 
  
Clear examples of younger sills intruding MZ and UZ rocks are known from the 
Waterberg area at the far north of the northern limb (Kinnaird et al., 2017; Huthmann 
et al., 2016; 2018) and the TU does not resemble these. There is no evidence in the 
VSF2 or BV1 cores of any interaction or erosive or thermal zone/contact or chilled 
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margin or chemical dissolution where new magma might have been emplaced. 
Texturally a single magma could not produce the fractionated nature and complex 
textural relationships observed in the TU. No evidence could be found for key 
structural features associated with sills including cooling and load cast structures, 
truncations or bifurcation and spitting of magma branches. Neither does grain size 
increase systematically inwards, as expected for a sill-like body nor is the centre of 
the TU markedly coarser than the margins.  
 
The intrusive body model is thus highly unlikely as it fails to sufficiently explain any 
of the criteria, apart from lack of cyclic units and fractionation, as stipulated in 
Section 11.1 (see Table 11.1).  
 
11.2.1.3 Model 3: Raft of Critical Zone or Platreef rocks 
 
Ashwal et al. (2005) postulated that the TU might be a raft of CZ rocks suspended in 
the MZ. The model was based on the elevated Mg# of the olivine and pyroxenes in 
the TU and apparent presence of ‘similar’ olivine-norites or troctolites in the UCZ of 
the western limb (see Maier and Eales, 1997, as cited in Ashwal et al., 2005). The 
model extends to the possibility that the TU represents a sliver of Platreef rocks that 
have been intruded by MZ magma and somehow “floated” upwards to come to rest 
>1000 m above the Platreef-MZ contact. 
 
The physical kinematics around moving a raft of denser CZ or Platreef rock require 
explanation and the model is at odds with the observed margins of the TU. A raft 
would be expected to show either jagged or reaction-type contacts with the 
surrounding MZ magma, which are not observed. There are no chilled contacts in 
the MZ like those between the MZ and the Platreef (e.g. Holwell et al., 2005). The 
appearance of olivine-bearing and ultramafic rocks in the TU is gradual, not sharp as 
would be expected from a raft of foreign rock. 
 
Olivine occurs in the Platreef but is not ubiquitous and occurs in discrete units of 
harzburgite (Kinnard and Nex 2015; Yudovskaya et al., 2017; Grobler et al., 2018) or 
in Fe-olivine reaction zones where the Platreef has intruded against ironstone 
country rocks (Buchanan et al., 1984; Holwell et al., 2006). Olivine textures in 
Platreef rocks do not resemble those found in the TU. Whole rock geochemical 
parameters in the TU developed in the VSF2 borehole (Mg#, An#, Cr/MgO, Ce/Sm, 
etc.) are similar to the surface samples of olivine-free MZ below – a feature which 
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mirrors the smooth transition in mineral chemistry between the TU and the overlying 
MZ observed by Ashwal et al. (2005) and Tanner et al. (2014) in the BV1 core. 
 
CZ and Platreef rocks are rich in chromite and a raft of such material would be 
expected to be highly enriched in Cr and possibly have chromite stringers. The TU is 
devoid of Cr-phases. Oxide minerals are predominantly magnetite and ilmenite. 
Similarly, a raft of Platreef or CZ would be expected to show a high sulphide content, 
PGE concentration and PGM types (more sulphide dominant) that are typical of 
these rocks. The TU lacks BMS and PGE patterns observed in the TU are 
consistently more fractionated (PPGE>>IPGE, see Chapter 7) than observed in the 
Platreef. PGM assemblages found in the TU are also different to the Platreef; a 
mixture of high and low temperature PGM and BMS in contrast to the CZ that is 
characterised by high temperature orthomagmatic PGM associated with Fe-rich 
BMS and chromitite. Furthermore, PGE concentration in the CZ is associated with 
more mafic lithologies (peridoitite+pyroxenite>troctolite>anorthosite) whilst the 
opposite is true for the TU; in the TU elevated PGE concentration is generally 
associated with more leucocratic rocks (anorthosite>troctolite>pyroxenite 
>peridotite).  
 
The PM model does not seem to be a feasible model for TU formation as it does not 
adhere or explain most of the criteria set out in Section 11.1 (see Table 11.1). The 
biggest counter argument against this model is the stark difference in mineralogy 
between the PM (no olivine) and TU and whole rock geochemistry concentrations 
and ratios.  
 
11.2.1.4 Model 4: A new influx of magma 
 
In a study of the mineral chemistry of TU and MZ pyroxenes from the BV1 borehole 
Tanner et al. (2014) noted three sharp increases in the Cr content of clinopyroxene 
and orthopyroxene (or pigeonite). They suggested that each of these could 
represent an input of fresh primitive magma into the magma chamber. The first of 
these Cr-enriched zones lies stratigraphically within the TU in a pyroxenite just 
above the base of the BV1-TU2a subzone in the BV1 borehole; equivalent to the 
base of the TU4 zone in VSF2. Tanner et al. (2014) predicted that new magma 
could have triggered sulphide saturation and that a PGE-rich reef zone might be 
found within this interval. 
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The model appears to offer an explanation for both the Cr and PGE concentrations 
found in the vicinity of the BV1-TU2a and VSF2-TU4. However, this study found that 
the highest PGE grades are found in troctolite immediately beneath the Cr-rich zone, 
not in the ultramafic rocks, as the model predicts. The model fails to explain the 
remainder of the TU as presumably there would have to have been more than one 
magma pulse to produce the lithological variations and pattern of PGE concentration 
observed in the whole TU (especially in the TU2). Furthermore, any new magma 
would also have to contain an enhanced fluid component in order to crystallise 
pegmatites and would have to have been emplaced gradually to yield the transition 
zone in TU1. Moreover, a new hotter magma would be expected to produce sharp 
erosional or thermal contacts or up-doming structures, and interaction haloes; none 
of which are evident in the TU.  
 
A new primitive magma input might produce mafic mineralogy. The TU lacks 
plagioclase overgrowths and reverse or oscillatory zoning. Cr/MgO ratios are 
consistently low (<80) and akin to MZ ratios even in the TU3-TU4 transition. An 
obvious paradox is that any new primitive magma at the base of the BV1-TU2 or 
TU4 units apparently produces less olivine in BV1-TU2 and TU4 than present in the 
more Cr-poor sequences below. This is echoed by major geochemical parameters 
such as whole rock An# and Mg# that are barely different from the MZ below and by 
the Sr isotope data (see Section 11.1). Other than the one proposed input as 
suggested by Tanner et al. (2014) there is little evidence that rest of the TU formed 
by input of new batches of primitive magma.   
 
The expected association between elevated Cr levels and ultramafic rocks that is so 
evident in both the Platreef and the CZ (Seabrook et al., 2005; Kinnaird, 2005; Maier 
et al., 2013; McDonald et al., 2017) and might be expected in the Tanner et al. 
(2014) model breaks down in the TU. In the VSF2 borehole the most ultramafic 
layers below the TU4 consistently lack Cr whereas some of the highest measured Cr 
concentrations are associated with pyroxenes in relatively leucocratic lithologies 
(e.g. leuco olivine norite).  
 
A new influx of magma might be a lucrative model to explain the reappearance of 
olivine and sudden PGE enrichment in the Main Zone. However, such an influx will 
not likely produce whole rock geochemistry with Main Zone signatures and ratios nor 
the lack of Cr, the abundance of hydrous minerals, the unusual olivine textures 
observed in the TU or PGE concentration associated with less mafic lithologies.  
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11.2.1.5 Model 5: The ‘proximal part’ of the Pyroxenite Marker 
 
Kruger (2005; 2010) has proposed that the TU is the stratigraphic equivalent of the 
PM. The PM is a lateral, semi-continuous unit of orthopyroxenite/s traceable for 
several hundred kilometres throughout the western and eastern limbs of the 
Bushveld Complex. It records a geochemical transition between the MZ and UZ and 
is characterised by an abrupt change in initial Sr isotope ratios (87Sr/86Srplagioclase = 
0.7085 (MZ) and 0.7073 (UZ)), enrichment in Cr and a mineralogical change from 
pigeonite to orthopyroxene as the dominant pyroxene. The formation of the PM 
remains debated (e.g. Sharpe, 1985; Maier et al., 2001; Cawthorn et al., 1991; 
Lorand et al., 2001; Nex et al., 2002; Kruger, 2005). Possible PM models include: 1) 
formation by mixing of a primitive UZ magma with the resident MZ magma; 2) 
emplacement of a cool dense MZ crystal mush into the magma that had formed the 
Upper CZ causing upward displacement of the warmer and lower density residual 
magma. The latter became super cooled, leading to suppression of plagioclase 
crystallisation and formation of a pyroxenite that might merge into olivine-rich rocks 
laterally (Kruger, 2010), although how this takes place is not explained.  
 
The suggestion that the TU correlates with the PM does not seem to be viable on 
grounds of stratigraphic height, lithological differences, mineralogy, whole rock 
geochemistry, Cr- and PGE content and Sr isotope signatures. The TU cannot be 
the equivalent of the PM as it is not continuous (as far known) over the strike of the 
northern limb. The downfall of the PM model is that it does not have the same 
mineralogy as the TU; the PM lacks olivine. For such a model to be feasible it should 
be able to explain the minerology (abundance and texture relationships) as well as 
isotopic shifts. The TU is unique because it marks the appearance of olivine in the 
otherwise conventional two pyroxene-plagioclase MZ system.  
 
The PM has a Cr/MgO>80 whereas the TU has a ratio of <80 (Cawthorn, 2012) and 
shows other geochemical similarities including Sr isotope signatures with the MZ 
rocks above and below it (Section 11.1). Geochemical studies in the eastern and 
western Bushveld show no PGE mineralisation associated with the PM (Maier et al., 
2001) and the model does not explain why the TU contains PGE, but the true PM 
apparently does not.   
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11.2.1.6 Model 6: Dolomite raft model 
 
The TU formed by melting of a massive dolomite raft. The dolomite (CaMg(CO3)2) 
mixed with the surrounding MZ magma forming a hybrid Mg-rich magma (Ashwal et 
al., 2005). The resulting hybrid melt is rich in volatiles and depleted in Cr. The model 
does not specify the relative percentage/ amount of dolomite needed or 
incorporated, nor where the raft of dolomite is sitting stratigraphically (or whether it 
sank or rose into the magma) but it must be assumed to start the bulk of its melting 
in the middle MZ. 
  
The dolomite model does not seem to be able to explain the measured trace 
element concentrations and ratios, lack of calc-silicates in core and outcrop and the 
sheer mechanics and amount of dolomite needed to shift the magma composition to 
more olivine rich lithologies. Also, the raft should have been already in place at the 
current position of the TU. The stratigraphic position of the TU is serendipitous, and 
the model also fails to explain the nature and distribution of olivine-rich lithologies, 
pegmatoids and the development of the PGE mineralisation within the TU. A few 
rare calc-silicate xenoliths are present in the TU (see Chapter 5). One of these 
xenoliths has a peridotitic rim with evidence of reaction with the surrounding 
lithologies. The other xenoliths do not show this type of intense interaction.  
 
Massive dolomite contamination would produce a magma with relative heavy O 
isotopes, similar to the signatures found in dolomite-contaminated Platreef (Harris 
and Chaumba 2001; Sharman-Harris et al., 2005), but TU plagioclase shows no 
evidence for this and is isotopically light (Davey, 2014) (see Section 11.1 and Figure 
11.1).   
 
A vast input of dolomitic material is also not reflected in whole rock CaO/MgO+SiO2 
and similar ratios (Figure 11.2 and 11.3). There is evidence of some shifts in key 
whole rock ratios, see Figure 11.2 and 11.3, with positive correlations with the 
observed xenoliths in the core. Shifts also seem to be a function of lithology, 
alteration or alteration intensity, and later structures (joints, faults and serpentinite 
and calcite veins) overprinting lithologies. However, from Figure 11.3 it would seem 
that there is some sort of dolomitic/ calcitic contamination or uptake in the TU. Some 
samples plot outside the plagioclase-olivine-orthopyroxene-clinopyroxene mixing 
line, pulling away from the average trend. This is supported by several calc-silicates 
found in the VSF2 core and the Vogelstruisfontein field area (within the TU and Main 
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Zone). However, these trends might likewise be a function of the mottled nature of 
the TU and reasons mentioned above.  
 
Input of vast amounts of dolomite, into mafic silicates, will form olivine with 
increased/ elevated Ca content (~ 1 wt.% Ca) rather than Mg-rich olivine (Wenzel et 
al., 2002). If this is true, the TU should have elevated Ca concentrations in olivine or 
monticellite (CaMgSiO4) olivine. TU olivine is Ca poor. Olivine does not have 
elevated concentrations of Ca (avg. < 1000 ppm) and falls within the range of Ca in 
olivine (up to 1.0 wt.% CaO or ~7000 ppm Ca, Deer et al., 1982) in igneous rocks, 
ruling out the possibility of olivine forming from dolomitic input or contaminated 
magma. Tanner et al. (2014) recorder olivine with <700 ppm Ca (avg.) in the BV1 
troctolites. This study found similar concentrations of <500 ppm (avg.) in VSF2 
olivine, as determined by LA-ICP-MS (Figure 11.3).  
 
Leaving aside the problems imposed by the major element chemistry there is no 
obvious source of PGE in the model. The TSG dolomites, and shales, are depleted 
in PGE (see for example Maier et al., 2008; Wille et al., 2007). This was reconfirmed 
by PGE analysis on xenoliths (<5 ppb 6PGE avg.), from the field area, tested in this 
study (see Chapter 7). The source of the PGE must then rely on a secondary 
source, either from a more primitive melt or later fluids redistributing PGE from 
existing rocks.  
 
It cannot be disputed that there is some component or percentage of dolomite 
uptake in the TU. The influence of dolomitic material can be seen in light oxygen 
isotope signatures, calc-silicate xenoliths in the VSF2, mineral chemistry 
(enrichment in HFSE and LREEs and associated minerals like monazite), abundant 
hydrous minerals and secondary calc-rich alteration structures. The dolomites (and 
other sediments) might also have added to some extend in upgrading the metal and 
sulphur budget. However, it does not seem quite feasible, as discussed above, that 
dolomite uptake was the sole source responsible for TU formation. Rather, dolomite 
uptake, be it either in the B3 magma or in situ, might have contributed volatiles (CO2 
and water) and sulphur (anhydrite in Malmani dolomites, see for example Sharman-
Harris et al., 2005) and aided in other processes that eventually formed the textures, 
minerals and PGE concentrations measured in the TU.  
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Figure 11.2 (previous page): Downhole bulk rock variation diagrams of SiO2/CaO, 
SiO2/CaO+MgO, CaO/Al2O3 and CaO/MgO+SiO2 and Ca concentration in olivine 
(measured with LA-ICP-MS) as proxy for possible dolomite contamination in the 
Troctolite Unit and associated Main Zone. Grey shaded areas/ lines denote ‘in-situ’ 
xenoliths found in the core.  
 
 
Figure 11.3: Alternative method to show contamination in the TU: MgO (wt.%) whole 
rock as a function of CaO (wt.%) whole rock. The green line represents the mixing line 
between plagioclase-orthopyroxene-clinopyroxene-olivine.  
 
11.2.1.7 Model 7: Pre-contaminated magma model 
 
Davey (2014) suggested a variant on the dolomite xenolith melting model and 
postulated that the TU formed from a MZ parental magma that had been 
contaminated with dolomite in a deeper staging chamber, resulting in the 
crystallisation of an olivine-rich magma. Pulses of this magma and its associated 
olivine crystals were then intruded into the MZ in order to form what Cheshire (2011) 
and Davey (2014) interpreted as six separate cycles of harzburgite-troctolite-
anorthosite in the TU. The model does not specify how or why the olivine-rich 
magma intruded to the level of the middle MZ, or how the process started and 
subsequently ceased. Nor does it explain the PGE mineralisation in the TU. 
 
The model matches with a fractionated, Cr-poor MZ type magma that intruded as a 
type of mush. The lower part of the TU has a mixing zone of olivine-rich magma 
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interacting with an olivine-poor magma. There are no sharp or thermal contacts 
between the different units in this interaction zone. However, the model cannot 
reasonably explain the number of magma pulses, the observed lithological variation 
and the lack of an obvious PGE source for the mineralisation. The TU did not form 
from six magma pulses. Geochemistry does not support six distinct magma cycles, 
and neither is this reflected in the pattern of lithologies when examined in detail. The 
most Cr-rich layer lies stratigraphically towards the top of the unit. The contaminated 
magma model cannot explain the PGE concentration and ratios in less mafic 
lithologies and the observations that PGE concentration is strongly fluid controlled, 
rather than magmatic. 
 
11.2.1.8 Model 8: Crystal mush (or mushes) 
 
Roelofse and Ashwal (2012) proposed that the TU intruded as a series of crystal 
mushes, based on consistent An% (plagioclase) and Mg# (pyroxene) mineral 
chemistry throughout the TU as recorded in the BV1 borehole. Mineral chemistry 
changes back to normal MZ ‘differentiation’ above the TU. The model does not 
state: the source of the mushes, their bulk composition (anorthositic, noritic, 
troctolitic, pyroxenitic), the degree of mixing with any resident MZ magma and 
crystals, the lateral extend of mush emplacement nor what caused the emplacement 
or movement of the mushes to the TU level. The model offers no explanation for the 
PGE mineralisation because this was not known or suspected when the model was 
proposed. 
 
The TU lacks sharp and reaction contacts and zoning of plagioclase and /or olivine 
and mineral chemistry is constant in the TU and transition zones making it unlikely 
that the TU formed from magma or a mush input into the MZ chamber. Textures 
support the late development of olivine in the TU, olivine compositions (Mg#) are 
relatively consistent throughout the TU and olivine lacks sharp or thermal contacts. 
In principle, elevated PGE concentration could possibly be explained by the original 
mush also transporting sulphides and/or PGM from where it formed but additional 
process (or processes) must have operated to concentrate the PGE and form the 
observed PGM in less mafic lithologies and more fluid affected rocks. This model is 
open to criticism because it fails to explain the development of the observed 
subunits, the gradual appearance and disappearance of olivine at the top of bottom 
of the TU, textures that strongly suggest olivine formed by replacement of pyroxenes 
and plagioclase, and the widespread presence of hydrous minerals within the TU.  
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11.2.2 Alternative models based on processes described for 
other troctolitic horizons 
 
Models proposed for similar troctolite horizons outside the northern limb are 
discussed and evaluated against the same criteria (see Section 11.1), as possible 
alternatives to the northern limb focussed historical models discussed above. The 
models include reaction driven crystallisation (eastern Rum Complex), emplacement 
as crystal slurries (mafic-ultramafic horizons of the UCZ and UZ) and flux melting of 
cumulates (J-M Reef, Stillwater Complex).  
 
11.2.2.1 Model 9: Reaction driven crystallisation 
 
The eastern Rum Layered Suite is a rhythmic layered suite of PGE-rich 
(harzburgite)-troctolite-anorthosite (Emeleus et al., 1996). It has been proposed to 
have formed by reaction driven crystallisation (O’Driscoll et al., 2009); the model is 
given by the peritectic reaction olivine (solid) + SiO2 (melt) -> orthopyroxene (solid) + 
melt. Orthopyroxene forms by the reaction of olivine+SiO2, and should have 
elevated Ni content. 
 
The TU is like the eastern Rum Layered Suite (ELS) in that both have thick troctolitic 
lithologies, referred to as allivalite in Rum. Additionally, both show slumping and 
compaction structures in troctolites and lack thermal contacts between layers (no 
interlayer-quenched facies and limited/ no quenched margins). There is strong 
evidence of intercumulus liquids active during syn- and post crystallisation in the TU 
and Rum ELS.  
 
However, the TU cannot be an analogue of the Rum ELS as the two units differ 
significantly (Table 11.2). The main contrasts are as follows: 1) olivine is most 
commonly the interstitial phase and not the cumulate phase in the TU. Intercumulus 
olivine has been recorded in anorthosite and chromite seams of the Rum ELS 
(O’Driscoll et al., 2009) but the majority of olivine is clearly cumulus; 2) The TU is 
pyroxene rich compared to Rum with different generations of pyroxene (cumulate- 
and intercumulate phase, mottles and autoliths); 3) In the Rum ELS average grain 
size varies between 1-3 mm and grades with layering whereas the TU lacks any 
type of grading or consistent grain size within a set lithology or over a small area 
and- grain size is highly variable; 4) The TU lacks chromite mineralisation of any 
form (stingers/ layers, single minerals) whereas chromite stringers (< 2 mm up to 4 
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mm thick) are found in the Rum ELS and chromite seams are prominent at the 
contacts or junctions between cyclic units (O’Driscoll et al., 2009; 2010); and 5) PGE 
is strongly associated with peridotitic lithologies in Rum (Emeleus et al., 1996) 
whereas in the TU PGE is associated with less mafic lithologies with 
anorthosite>troctolite>peridotite.  
 
Table 11.2: Comparison of the Troctolite Unit with the Eastern Rum Layered Suite. 
Data was taken from Emeleus et al. (1996) and the reference therein.  
 Eastern Layered Series, Rum TU (VSF2 and BV1) 
Thickness East: ~700 m >250 m 
Layering 
16 micro layers of peridotite-troctolite 
(few meters to 100 m thick) 
Lacks layering. Intercalations or un-
regular changes between and in 
lithologies 
Structures 
Slump, shear and compaction 
structures 
Slumping and undulating contact in 
outcrop. Possible slumping in VSF2 
with wavy contacts.  
Compaction = foliated textures 
Vertical variation Peridoitite-troctolite-(gabbro) Gabbro-troctolite-norite 
Contacts between 
cycles / subzones 
Lacks thermal contacts, limited 
chilled margins 
No evidence of thermal contacts.  
Contacts look reaction driven or 
replacement in nature 
Troctolite or  
allivalite 
Augite-poor 
Ultra-basic 
Plag and olivine in equal 
propositions or plag modally > olivine 
Plagioclase (An80) 
Layers of pure anorthosite in 
between (common) 
Augite-rich 
Ultra-basic 
Various proportions of light to dark 
minerals (leuco, meso and melano) 
Plagioclase predominately modally 
greater than olivine 
Intercalations of anorthosite 
Texture  
Add- and ortho/hetero-cumulate 
Granular to poikilitic  
Textural equilibrium (caused by 
migrating fluids) 
Variety 
Cumulate textures are overprinted. 
Pokilitic, mottles and replacement. 
Grain size 
1-3 mm average 
Grades within layering 
2-3 mm average 
<1 mm to >8 mm in a single sample 
<1 mm - >20 mm over the TU 
Olivine 
composition and 
texture 
Cumulate phase, not zoned 
Forsterite: 72-90 
Alluviates Fo#<Fo# peridotites 
Interstitial phase, not zoned 
Forsterite: 72-78 
Similar range for Fo# irrelevant of 
lithology 
Hydrous minerals 
Not reported in the ELS but found in 
the WLS ass. with harrisite 
Abundant phlogopite / biotite, apatite 
Chromite 
mineralisation 
Cr-spinel occurs randomly 
distributed in the rock, chromite 
stringers, modally graded layers 
base of peridotites 
No chrome spinel measured,  
only Cr-rich magnetite, no chromite 
stringers 
Cr is ‘trapped’ in the pyroxenes 
PGE enrichment 
Associated with sulphide 
mineralisation in more mafic 
lithologies 
PGE enrichment at change over at 
or below change over between 
subzones 
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11.2.2.2 Model 10: Emplacement as crystal slurries 
 
Crystal slurries has been proposed as possible formation mechanism for layered 
ultramafic units within the Bushveld Complex such as the UG series (see Maier et 
al., 2013). The hypothesis is that the source of these layers (mushes) formed 
elsewhere in the chamber under conditions that favour olivine and chromite 
formation. The source of the magma might be different or more primitive relative to 
where the unit is sitting stratigraphically. Movement of the mushes / slurries is 
triggered by subsidence in the magma chamber (flexing of the roof), causing semi-
consolidated material to move/ flow downslope (Maier et al., 2013). The olivine 
loaded slurries have some inherited PGE and/or Cr enrichment and undergo 
hydraulic sorting to form ‘cumulate’ layers (Maier et al., 2013).   
 
The model would explain some of the mineral chemistry and the lack of layering and 
sporadic appearance and disappearance of olivine.  However, the model does not 
seem feasible when applied to the TU based on lithology (the TU is more mafic than 
ultramafic), lack of sharp or thermal contacts, key mineral associations, textures and 
chemistry as well as PGE concentration and mineralisation. If the TU formed 
elsewhere it would be expected to have different mineral chemistry (An# and Mg#) 
and textural features like zoning in plagioclase and possible chemical zoning in 
olivine (zoning might have been lost due to annealing of olivine over time). The TU, 
however, has constant and similar An# and Mg# as the surrounding MZ and lacks 
strongly zoned minerals associated with transported crystals. The model also cannot 
explain PGE concentration and ratios in less mafic lithologies, overwhelming 
evidence for abundant hydrothermal minerals and PGM assemblages associated 
with fluid-affect rocks observed in the TU. More so, the TU lacks chromite 
mineralisation associated with a more mafic source magma.  
 
11.2.2.3 Model 11: Incongruent melting by intercumulus fluids (Flux 
melting) 
 
The flux model has been proposed as a possible formation model for the J-M Reef 
(OB1 horizon) of the Stillwater Complex, as explanation for PGE concentration in 
troctolitic lithologies (see Boudreau, 1988, 1989, 1999, 2016) as well as the 
anorthositic Ala-Penikka PGE reefs of the Penikat Layered Intrusion (see for 
example Halkoaho et al., 1990).  
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11.2.2.3.1 Flux melting model of the OB-1 sequence and the J-M Reef 
 
Early models focussed on forming the OB-I sequence and the J-M Reef via magma 
mixing and multiple injections of olivine-saturated magma (e.g. Todd et al., 1982; 
Irvine et al., 1983; Barnes and Naldrett 1986; Godel and Barnes, 2008). McCallum 
(1996) and Boudreau (2016) point out that the range of magma types and 
compositions needed to generate the olivine-bearing members of the OB-I are 
inconsistent with the restricted bulk and mineral chemistry that are observed. Such 
processes are also inconsistent with the abundance of hydrous minerals within the 
OB-I and the development of sulphides in zones below the level of the J-M Reef.  
 
Boudreau (2016) provides the most recent synthesis of the geology of OB-I and 
emphasizes the widespread development of ameboid olivine (commonly with 
inclusions), hydrous minerals and other textural features that are strikingly similar to 
those observed in the TU. 
 
Boudreau (1999; 2016) argues that the “normal” plagioclase and two pyroxenes 
crystallisation sequence of the Lower Banded Series was disrupted by an input of 
fluids causing orthopyroxene to melt incongruently and expand the stability field of 
olivine, potentially generating ultramafic rocks without the need for any influx of 
primitive magma (and associated enrichment in Ni or Cr). Fluid driven models might 
similarly explain the random distribution, variable grain size and complex textures 
observed in many olivine-rich lithologies, the irregular shape, size and distribution of 
olivine, and the development of pegmatoids and abundant hydrous minerals 
observed in the TU. 
 
The flux melting, by hydrous fluids, model proposed for the OB-1 series of the 
Stillwater Complex can be summarised as follows (see Figure 11.4 A-D, Boudreau, 
2016 and the references therein for a more detailed description of the model):  
• The phase changes are modelled on the ternary forsterite-anorthosite-SiO2-
(H2O) system (Figure 11.4 B).  
• The addition of volatiles (water) in this system will favour the crystallisation of 
mafic minerals over felsic minerals.  
• Hydration melting, triggered by the addition of H2O, of the initial dry bulk 
norite-anorthosite system will melt anorthite and produce an enstatite-rich 
restite (Figure 11.4 C).  
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Figure 11.4 A-D: Schematic diagram illustrating the hydration melting model proposed 
for the OB-1 Series of the Stillwater Complex (Boudreau, 2016). A) Idealised 
stratigraphic model that shows where and how these processes are expressed. B) The 
forsterite-anorthite-SiO2-H2O system; line anorthite-X-(H2O) forms the baseline of the 
projected system modelled in C and D. Also note the composition of the original dry 
liquid (orange), initial dry cotectic norite solid (green) and initial liquid + bulk solid 
(blue). C) The anorthite-X-H2O system illustrating the flux melting process by the 
addition of H2O to the dry forsterite-anorthite-SiO2 system forming an enstatite-rich 
restite and the first olivine-rich lithologies (becoming more mafic with the addition of 
water). D) The anorthite-X-H2O system showing the formation of an anorthosite-
saturated hybrid liquid by mixing of the newly formed wet partial melt with the original 
dry resident cotectic liquid. Figure was adapted from Boudreau (2016).  
 
The flux melting model (continue) 
• The addition of more H2O will now cause orthopyroxene to melt and so form 
the first olivine minerals and lithologies (Figure 11.4 B and C).  
• Flux melting is a multi-component process and the product of one stage of 
melting might mix or react with the restite or the resident magma to produce 
partial melts or hybrid liquids.  
• The wet mobile partial melt may mix with the original dry resident cotectic 
liquid (magma above the crystal pile) to form an anorthosite-saturated hybrid 
liquid (Figure 11.4 A and D). The liquid is saturated in plagioclase.  
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• This reaction will yield either anorthosite and leuco-norite above melanorite 
and/or melagabbronorite or anorthosite and/or troctolite above olivine-rich 
rocks.  
• Sulphides and (PGMs) will concentrate at the top of the vapour-present 
region. This region can shift upwards as the footwall rock degasses.   
 
Similar phase relationships and changes induced by the presence of water have 
also been shown through numerical modelling. Brandriss and Bird (1999) modelled 
the effects of H2O on phase relations during crystallisation of the Kap Edvard Holm 
Complex, East Greenland, using MELTS. The study models the conversion of 
gabbroic cumulates to ultramafic rocks due to the replacement of plagioclase by 
mafic minerals including olivine as a result of interaction with aqueous fluids derived 
from xenoliths of altered basalt. 
 
11.2.2.3.2 Similarities between the TU and the J-M Reef (OB1-series) 
 
In terms of rock types, internal variations between ultramafic-mafic-leucocratic units 
and the appearance and disappearance of olivine with little evidence for associated 
increases in whole rock An#, Mg# and Cr content the TU shows remarkable 
similarities with Olivine-Bearing Zone I (OB-I) in the Stillwater Complex (Todd et al., 
1982; Bow et al., 1982; Irvine et al., 1983; McCallum, 1996; Boudreau, 2016; see 
Table 11.3). The OB-I zone is a ~120 m thick, short-lived sequence of variably 
olivine-bearing rocks at the base of the Lower Banded Series sandwiched by olivine-
free norite-gabbronorite below and norite-gabbronorite above. It is split into a lower 
(mafic) gabbronorite subzone and an upper anorthosite subzone and is significant 
economically because it hosts the J-M Reef PGE deposit at the boundary between 
the two subzones (Todd et al., 1982). 
 
Ten olivine-bearing members composed of coarse grained to pegmatitic peridotite 
and/or troctolite were recognized within the OB-I by Todd et al. (1982). Along strike, 
troctolites are observed to grade into norites and/or pinch out (McCallum, 1996) and 
olivine textures in hand specimen and thin section are complex. Bow et al., (1982) 
define what they termed as “Mixed Rock” where 20-40% ambeoidal olivine was 
developed in a matrix of cumulate plagioclase and intercumulus or oikocrystic ortho- 
and clinopyroxene.  
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Table 11.3: Characteristics and comparison of the OB-1 horizon (and J-M Reef) of the 
Stillwater Complex (Boudreau 1999; 2016) to the Troctolite Unit. 
Criteria OB-1: Stillwater Complex TU (VSF2 and BV1 borehole) 
Size OB1: 100-200 m est. TU: >250 m 
Shape 
Zones of An-TROC lying 
unconformable on each other 
Not sure if contacts are 
unconformable +changes along strike 
Location with 
the intrusion 
Central part of the intrusion, 2500 m 
above base 
Central part, lies >1500 m above the 
Platreef 
Cumulates 
below the UNIT 
Olivine rich units (size/ thickness) is a 
function degree of melting and 
available cumulates below 
More than 1500 m of Main Zone (MZ) 
cumulates below the TU 
Contacts 
subzones 
No thermal contacts. Contacts are 
believed to be unconfirm. 
No evidence of thermal contacts  
Contacts look reaction driven  
Lithology 
OB1: 
An zone 
TROC zone 
Pegmatoid zone 
Dry GN cumulates 
MZ: Dry GN cumulates 
TU4: TROC-GN-An zone 
TU3: Massive TROC zone 
TU2: Pegmatoid and replacement  
TU1: Transition zone 
MZ: Dry GN cumulates 
Pegmatites is floor of chamber- no 
pegmatites above 
 
 
Partial replacement of opx with amp 
VSF2 has 2x sets of pegmatites- at 
234 m (>2 m) and at 90 m (<0.5 m) 
and smaller pods or thin layers~160 m 
Amphibole and partial replacement of 
pyroxene, amphiboles are a common 
features in the pegmatoids, felsic 
horizon and TU2a. 
Potholes= localised concentration of 
fluids 
No potholes seen in field outcrop. Did 
not actively look for these structures 
Pegmatoidal veins More like pods or lenses 
Changes in 
lithology 
Laterally and discordant change in 
GN to olivine-bearing lithologies 
GN in MZ changes to ol-bearing 
lithologies- how this change is 
expressed is not known 
Petrology 
Modal variations reflect progressive 
incongruent melt reactions 
Variations in the modal mineral 
composition does not reflect 
conventional layering 
Pegmatites beneath OB1 
Pegmatoids below 
TU2-TU3: >10 m 
TU3-TU4: ~2.5 m 
Lateral change in texture of ol rich 
layers of TROC subzone 
Changes in the type of troctolite and 
texture in depth and lateral 
Lithology and 
deformation of 
underlaying 
units 
Evidence of slumping below the OB1 
in GN1 
Evidence of slumping in upper MZ 
lithologies in outcrop 
Uniformed texture norite (N1-zone) ‘Cumulate’ norite in TU4 
Textures 
Composition, texture and grain size 
vary in ol-bearing units 
Changes in texture between the 
different types of TROC 
Segregation between mafic and less 
mafic/ felsic regions 
Yes, because original cumulates were 
segregated / formed by segregation 
Mafic lithologies are coarser grained 
than the more felsic (medium grained) 
regions 
This was true for some of the more 
mafic horizons.  
Primary plagioclase in ol-rich rocks 
has an eroded texture (rounded 
habit?) 
Plagioclase in ol-rich lithologies have 
a rounded and eaten/ corroded habit 
Embayed plagioclase in pyroxene and 
olivine 
Embayed plagioclase in pyroxene and 
olivine 
Olivine has an eroded texture Interstitial olivine and eroded 
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Table 11.3 cont.: Characteristics and comparison of the OB-1 horizon (and J-M Reef) 
of the Stillwater Complex (Boudreau 1999; 2016) to the Troctolite Unit. 
Criteria OB-1: Stillwater Complex TU (VSF2 and BV1 borehole) 
Mineralogy 
Apatite: Cl rich in the OL bearing 
horizons 
Apatite in felsic-, reaction zone of the 
felsic feature, pegmatoidal lithologies 
and some ultramafic lithologies 
Plagioclase: reverse zoning (Na rich 
cores, incongruent melting of 
plagioclase) (esp. in plag inclusions in 
olv), rounded habits in altered zones 
and embayed 
Plagioclase is well-rounded in TU and 
embayed type cavities in olv and pyx  
Normal and patchy zoning of plag. 
Prominent zoning in TU2. 
Zoning not obvious in plag inclusions. 
Hydrous minerals are most abundant 
in ol-rich lithologies 
Phlogopite, biotite in ol-rich lithologies 
like troctolite and more mafic rocks 
incl. dunitic OLGN sequences 
Halogen bearing minerals in olivine 
bearing rocks have higher Cl than 
An+GN 
Did not test in TU. 
Amphibole and biotite poikilitically 
enclose olivine or other phases 
Poikilitic amphibole in TU2a 
Poikilitic biotite in the TU3a+c  
Biotite and parasitic amphibole in 
coarse olv-rich rocks 
Biotite and amphibole content is not a 
function of grain size. Occurs in 
medium to very coarse rocks.  
Inclusions 
Inclusions in olivine  Single + poly-phase inclusions in oliv. 
Most abundant in ol-bearing 
lithologies 
Plagioclase in olivine with reverse 
zoning 
Plagioclase and polyphase inclusions 
in the massive troctolite sequence / 
zone and olv-bearing lithologies 
Zoning not obvious in transmitted light 
Polyphase inclusions with hydrous 
minerals in olivine 
Polyphase inclusions of biotite, 
amphibole and pyx = neg crystal 
boundaries= hydrous melt inclusions 
Hydrous mineral inclusions in more 
olivine rich lithologies. Some 
polyphase inclusions- amphibole, 
biotite and pyx noted in places, rare 
symplectite, inclusions are predom 
plag. Small amph/ biotite crystals/ 
laths on the edge of inclusions or olv.  
Hydrous melt inclusions in olivine and 
chromite 
Mica and amp inclusions in more 
mafic olivine rich rocks. No chromite 
PGE 
enrichment 
PGE enrichment and S occurs at or 
below the contact of the subzones 
PGE enrichment at change over at or 
below change over between 
subzones 
Equivalent ore 
horizon/ reef 
J-M Reef: 20 ppm /1.4 m  
(Maier, 2005) 
TU3-TU4 contact: 2-11 ppm 
TU2-TU3 contact: 5-11 ppm 
Pegmatoidal zone in TU2: 2-5 ppm 
Evidence of 
fluids in field or 
core studies 
Pegmatoid pothole structures 
Lenses and ‘pods’ of pegmatite in 
VSF2 + BV1 
 
The presence of cm-sized pods of spotted troctolite within anorthosite or leuco-
gabbronorite observed in the TU both in the field (Figures 5.7 A, C and E) and in 
core is strikingly similar to the appearance of “Raisin Pudding” anorthosite described 
by Bow et al., (1982; their Figure 2D). Geochemically, even where the olivine-rich 
units within OB-I are developed as peridotites, they correspond with Cr minima on 
whole rock chemical profiles (Todd et al., 1982; Boudreau, 2016) similar to many of 
the olivine-rich portions of the TU. 
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11.3 New formation model for the Troctolite Unit: 
FLUX melting of the Main Zone proto cumulates 
 
Evaluation of formation models (see Table 11.1), and results from this study, would 
seem to indicate that the physical and chemical characteristics of the TU cannot be 
the result of conventional dry magmatic processes and appear to be best explained 
by flux melting of the kind described for the OB-1 (and J-M Reef) of the Stillwater 
Complex (see for example Boudreau, 1999; 2016 and there references there-inn).  
 
A flux melting model for the TU (see Boudreau, 1999; 2016 and the references 
there-inn), can be summarised as follows (see Figure 11.4):  
• Olivine-rich lithologies are formed by the partial or flux melting of 
gabbronorite cumulates by fluids, exsolved from the underlying fluid 
saturated cumulate crystal pile, that causes mineral mode and modal 
layering changes or incongruent partial melting of the fluid-undersaturated 
cumulates above the rising fluid. 
• The influx of fluid/s causes a shift in the liquid-solid/ stability field of the 
crystallising liquid; shifting formation towards the olivine stability field.  
• Olivine forms by the destabilisation of enstatite: 2((Mg,Fe)SiO3) = olivine 
((Mg,Fe)2SiO4) + SiO2.  
• The process may repeat several times altering the crystallising assemblage 
and so causing the proto-cumulate to become increasingly more mafic.  
• The fluxing process in not uniform and might only affect localised areas on a 
thin section scale to regional scale transformations.  
• The ‘new’ composition of cumulates is a function of the original crystal 
assemblage.  
• The fluid is not ‘secondary’ or from a different source magma. The fluid is 
from the underlying fluid oversaturated cumulate crystal pile that migrates 
upwards via cracks and weak zones.  
• The flux model represents processes present in the solidification of a single 
magma (MZ).  
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11.3.1 Melting by hydrous fluid or reactive porous flow? 
 
If a flux melting model is assumed for the TU, what might have been the melting 
agent; a hydrous fluid (water), as seen in the Stillwater Complex (Boudreau 1999; 
2016) or a trapped melt? How was melting induced?  
 
In a flux melting model a hydrous fluid can be defined as a fluid with a considerable 
volatile content (H2O, CO2) (Boudreau 1999; 2016); the fluid can carry sulphur and 
PGE. A fluid can be a liquid, gas or plasma or a combination or subset of these. 
Evidence of fluids and fluid overprint in the VSF2 and BV1 includes: 1) fluid 
inclusions in plagioclase, olivine and quartz (see Figure 11.6 and Section 11.3.2), 2) 
abundant hydrous minerals (biotite, amphibole and apatite), 3) pegmatitic 
lenses/pods of biotite-plagioclase-quartz, 4) micro-texture (recrystallisation features) 
and 5) a mixture of high temperature and secondary and/ or hydrothermal and low 
temperature PGM, BMS and oxides. 
 
A similar model, as has been proposed for the interaction of MORB melts with the 
lower crust (melt-mush interaction) to form oceanic crust, might be akin to processes 
active in the formation of the TU. This model assumes melting by means of reactive 
porous flow (see for example Lissenberg et al. 2013; Lissenberg and MacLeod, 
2016). The fractionation and enrichment of incompatible elements in the melt can be 
traced by the mineral chemistry of clinopyroxene (Lissenberg et al. 2013); mottled or 
interstitial clinopyroxene can be used to trace the evolution of the melt-mush 
interaction and should change up section.  
 
Both a melt (a kind of fluid by definition) and a hydrous fluid might yield similar 
textures, mineral associations and geochemical signatures in the TU. However, 
there are significant parameters that will be different if the fluid was more hydrous 
than melt like, these might include:   
(i) The absolute An contents of plagioclase at given amounts of 
differentiation (as indicated by e.g. Fo or pyroxene Mg#); should be high 
in the presence of water. An# is higher in the TU for similar pyroxene 
Mg# than the surrounding MZ and akin to Platreef values (see for 
example Chapter 8 and Figures 8.13 and 8.14).  
(ii) The absence of reverse zoning, which might be expected to be a 
consequence of water ingress. The TU carries significantly zoned 
plagioclase crystals (see for example Chapter 6, Figures 6.2, 6.3, 6.5 and 
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6.6). However, the exact type of zoning was not determined during this 
study. Zoning in the TU has most definitely been lost by diffusion. 
(iii) Does the degree of differentiation / melting (again, as indicated by e.g. 
Fo or px Mg#) lead to water saturation for reasonable initial magma water 
contents? Lithologies with mottled textures, recrystallisation features and 
interstitial olivine measured in the TU has significant volatile-rich minerals 
such as apatite, biotite/phlogopite, zoned plagioclase crystals and fluid 
inclusions (see Chapter 6).    
(iv) The Cr-Ti relationships of mottled clinopyroxene, which are sensitive to 
melt-mush reactions (see for example Lissenberg and MacLeod, 2016). 
There is a significance difference in Cr/Ti ratios of the different types of 
clinopyroxene and between TU and the MZ (Figure 11.5). The significant 
increase at the TU3-TU4 contact in Cr/Ti is marked by increase in Cr and 
is not what would be expected if a new magma was emplaced at this 
level. The enrichment in Cr and Cr/Ti fractionation must have been 
induced by partial melting (see Chapter 8).  
 
 
Figure 11.5: The change in Cr/Ti ratio of clinopyroxene in the TU with depth; 
clinopyroxenes were split into mottled, interstitial and cumulate. 
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Based on above discussed criteria, and Figure 11.5, the fluid/ melt that facilitated 
melting in the TU must have had a hydrous component to yield the mineralogical 
and geochemical trends (mineral and whole rock) measured in the TU.  
 
11.3.2 Fluid inclusions in the TU: composition and 
temperature of the fluxing fluids 
 
Fluid inclusions might be used to determine the composition, temperature and 
possible PGE and sulphide potential of the fluxing fluids. Fluid inclusions are a 
prominent feature in both BV1 and VSF2 boreholes. Unfortunately, due to time 
restraints these inclusions could not be analysed during the run of the study but a 
preliminary study on the size, distribution and relative composition of the inclusions 
(see Chapter 6) show that:  
1) Inclusions are found in calcite, plagioclase, olivine and quartz (Figure 11.6). 
2) Inclusions in calcite is associated with xenoliths and in interstitial calcite in 
troctolite (TU3). 
3) Inclusions in interstitial olivine is not restricted to a specific horizon/s, are 
found throughout the TU and strongly associated with pyroxene rich and/or 
mottled troctolite.  
4) Fluid inclusions in quartz is found whenever quartz is presents including all 
felsic units in the TU2 and the biotite-rich troctolite at 160 m in TU3.   
5) Different generations of inclusions are found in plagioclase and olivine as 
seen in the location within the crystals and cross-cutting tracks. 
6) There are abundant ‘primary’ multi-phase inclusions in the centre of olivine, 
pyroxene and plagioclase.  
7) Fluid inclusions might be more common and found in other regions but 
overprinted by intense alteration in the VSF2. 
 
The likely temperature of the fluid can be deduced from phase relationships and 
whether inclusions are trapped inside primary of secondary silicates. Apparently 
primary inclusions trapped in pyroxene and plagioclase are likely to be very high 
temperature, possibly as high as the 900-10000C homogenisation temperatures 
obtained for primary inclusions in pyroxene and plagioclase at the Aurora deposit by 
McFall et al. (2019). Fluids are strongly linked to BMS and bulk PGE grades. This is 
most evident in mottled troctolites where texturally BMS are found within (and rarely 
completely enclosed within) these later pyroxene mottles. The pyroxene mottles are 
unaltered relative to the rest of the minerals in the immediate area. In other areas 
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pyroxene is found as rims around altered olivine/pyroxene (now cummingtonite). 
The presence of cummingtonite indicates that the temperature of the fluid must have 
been between 400-800°C (Evans and Ghiorso, 1995).  
 
 
Figure 11.6 A-F: Micrographs of fluid inclusions in olivine and plagioclase in the 
Troctolite Unit of the VSF2 and BV1 boreholes. A) FT4208 (TU2-VSF2): reaction rim 
and fluid inclusions in calcite, B) FT1101 (TU3-VSF2): fluid inclusions and tracks in 
interstitial olivine in Troctolite, C) BV1-1 (BV1-TU2): fluid inclusions in plagioclase of 
an anorthosite.  
 
11.3.3 Effects of fluids in the VSF2 
 
Introduction of fluids are suggested to affect and manifest in the different parts of the 
TU (Figure 11.7) as follows: 
 
Transition zone (TU1) (Figure 11.7 A). This >40 m zone of olivine-rich and poor 
gabbro formed by localised concentration of fluids forming pods or isolated fluid 
saturated areas that led to the development of olivine-rich and olivine-free zones. 
The transition zone is proposed to extend for at least several more meters below the 
end of the VSF2 core. The TU1 might present the beginning of fluid build-up before 
permeability is largely shut down and fluid flow is locked into fixed channels or 
cracks that carry the fluids to higher levels. 
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Transition zone to the pegmatite horizon (TU2) (Figure 11.7 B). This is a 
complex zone of olivine-poor amphibolised lithologies followed by olivine-rich units, 
possibly reflecting increased accumulation and connectivity of fluid. The resulting 
incongruent melt rises and ponds at the pegmatite horizon. This complex zone is 
strongly enriched in incompatible elements and HFSE (with factors of 10-100 
enrichment relative to the rest of the TU). 
 
 
Figure 11.7 A-G: Examples of the effect of fluids in various parts of the Troctolite Unit. 
A) TU1: introduction of first fluids (257.44 m), B) TU2: amphibolised lithologies in the 
zone beneath the pegmatoid (240.60 m), C) TU2: the lower pegmatoid (235.29 m D) 
TU3: biotite-quartz layers or pods in the massive troctolite sequence (159.40 m), E) 
TU3: upper pegmatoidal horizon with lower norite contact (90.78 m), F) TU3-TU4 
boundary (88.20 m) with reaction contact, G) TU4: olivine reappeared after a hiatus 
with similar textures to the TU3 (55.00 m).  
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Lower Pegmatoidal horizon, with PGE mineralisation (TU2) (Figure 11.7 C). The 
horizon is characterised by olivine-rich lithologies under and above the pegmatoidal 
horizon with a felsic (granitic) layer just above the pegmatite. The pegmatite may 
represent a zone of intense fluid activity.  
 
Lower troctolite horizon, with PGE mineralisation (TU2). Fluids pushed upwards 
forming the troctolite-anorthosite sequence at the top of the TU2. PGE are 
concentrated at and around the level of the interchange between the lower troctolite 
sequence and the massive troctolite sequence.   
 
Massive troctolite sequence (TU3). Fluids percolate through the precursor 
gabbronorites-anorthosite producing variable amounts of olivine. BMS in this unit are 
reacted and the fluids leach Cr, Ni, Cu and PGE to be redistributed at higher levels 
close to the TU3-TU4 transition. A horizon with localised pods of large biotite-quartz-
plagioclase-amphibole-apatite is found roughly in the middle of the TU3. The ‘pods’ 
are intermingled with the surrounding troctolite host and span vertically over several 
meters (Figure 11.7 D). A coarse olivine-plagioclase pegmatite occurs towards the 
top of the TU3 (>1 m below the TU3-TU4 contact); possibly a second fluid front, or a 
localised pod of trapped fluid. The horizon is rich in hydrous minerals such as apatite 
and biotite and trapped melts (with abundant symplectites) (Figure 11.7 E). 
 
PGE enriched zone (TU3-TU4 boundary). This is 6-7 m thick sequence of 
troctolite-serpentinite-pyroxenite-gabbronorite-anorthosite. PGE are enriched in the 
troctolite (TU3) and pyroxenite (TU4). Intense fluid activity is evident in the 
serpentinised horizon found in both BV1 and VSF2. The contact between the 
troctolite and the ultramafic rocks is highly irregular with the ultramafic portion 
seeming to collapse/slump into the troctolite (Figure 11.7 F).  
 
Olivine reappears in the MZ (TU4) (Figure 11.7 G). The flux melting process repeats 
again above the TU-MZ contact (defined in the BV1 borehole by Knoper and Von 
Gruenewaldt, 1996) and extends for >20 m. The unit has the same textures and 
inclusions as the massive troctolite sequence (TU3). Detailed logging and 
geochemistry analysis have shown that the unit is not due to doubling of strata by 
faulting and must be a ‘primary’ feature of the TU. The reappearance of olivine could 
be due to later fluids or the localised effect of fluid working. The reappearance of 
olivine is not unique to the VSF2 and a similar slightly more pyroxenitic horizon is 
present in the BV1 (see Chapter 5). The reappearance of olivine-rich lithologies in 
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both boreholes after a hiatus of olivine rocks support the notation that this must still 
be part of the TU and that the fluxing process is not a continuous process. 
 
11.3.4 Why did the TU form where it did within the MZ?  
 
If a flux melting model is assumed, why did the TU form at its current position within 
the Main Zone? Why did melting happen at this specific depth? What drives this 
process? Is it unique to the central part of the northern limb or to the northern limb 
itself? Might similar horizons/ processes be expressed elsewhere in the Bushveld 
Complex and other large layered intrusions?  
 
The depth at which flux melting occurs might be not only a function of fluid build-up 
and the composition of the fluid (see for example Boudreau et al., 1999; 2016) but 
likewise a function of the depth of emplacement of the magmatic body; shallower 
depths should facilitate degassing/ boiling/ devolatilization of volatiles.  
 
The northern limb, of the Bushveld Complex, is proposed to have been emplaced at 
rather shallow depths, estimated <2 km (top of the Upper Zone). The TU lies ±2800 
m below the top of the current position of the UZ in the northern limb (see schematic 
Figure 4.5, for relative thickness and depth of RLS in the BV1 borehole or Ashwal et 
al., 2005).  If it is assumed that the TU formed when the MZ was semi-consolidated 
the depth of TU formation (flux melting depth) would be between 4000-5000 m (or 
possibly shallower). It is possible that the shallow depth of emplacement, of the 
northern limb, aided in the build-up and release of fluids (volatiles) to form the TU. 
 
11.3.5 Fluid-related mobilization of PGE and Au in the TU 
 
The TU has different PGE concentration patterns and ratios to MZ values; with the 
majority of the TU samples (both VSF2 and BV1) having concentrations of a factor 
10 higher than the MZ. The MZ shows bulk Pt>Pd as opposed to the bulk TU where 
Pd>Pt. PGE grades are highest in less mafic lithologies compared with ultramafic 
ones and there is a constant bimodal distribution regardless of the variable that PGE 
enrichment is measured against. PGE concentration is also not necessarily linked to 
elevated Ni, Cu or Cr; PGE decouples with Cr and commonly either occurs 
stratigraphically below a ‘spike’ in Cr or stratigraphically above.  
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The PGE are present as various PGM (<1 µm to >100 µm) with associations (see 
Chapter 10) that span a wide range in temperature (low to high, >200°C to > 
1050°C). PGM are generally small (than <1 µm in diameter), scarce (<1000 PGM in 
22 samples over 268 m of the TU in VSF2) but large PGM (>20 µm) can be found in 
most PGE samples with high grade (>1 ppm). Even accounting for these micro and 
nano-scale PGM, there seems to be an inconsistency between whole rock PGE+Au 
grade and the numbers and types of PGM observed. This is especially true for the 
IPGE where no distinctive IPGE-bearing PGM were found.  
 
There appears to be a strong link between BMS type and/or assemblage and PGE 
concentration and mineralisation in the TU (Figure 11.8). PGM characterisation 
discussed in Chapter 10 shows that PGMs are intimately associated with BMS; 
predominately occurring on the edges/ alteration zones between BMS and silicate 
minerals or found in or around the BMS. Only very rarely (to never) are PGM not 
found in association with BMS or at the interface with silicate minerals.  
 
 
Figure 11.8: Association between BMS assemblages and whole rock PGE 
concentration in the Troctolite Unit and Main Zone below.  
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Base metal sulphides in the TU were divided into the various assemblages and the 
highest PGE grades show an association with assemblages 2 and 3 (Chapter 9) 
interpreted to be magmatic or magmatic-hydrothermal (Figure 11.8). A sample can 
carry significant BMS, however, if the BMS are of assemblage 1 (with ± assemblage 
2) there is no whole rock PGE enrichment (<100 ppb).  
 
 
Figure 11.9: Pd and Ni concentration in BMS of the TU (analysis from this study) 
compared to PGE deposits in the Bushveld Complex and the J-M reef of the Stillwater 
Complex. A) Platreef, northern limb, B) Shallow Platreef, northern limb, C) Flatreef, 
northern limb (Nodder, 2015; Marquis, 2015), D) Aurora, MZ northern limb (McFall et 
al., 2019), E) Merensky Reef, western and eastern limb (Godel et al., 2007) and E) J-M 
Reef of the Stillwater Complex (Godel and Barnes, 2008). BMS were split for this figure 
according to Ni concentration.  
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BMS were split into four chemical groups based on their Ni contents to best show 
the variation in Pd with Ni. The groups are pyrrhotite (<2 wt.% Ni), mixtures (2-<25 
wt.% Ni), pentlandite (>25 wt.% Ni) and chalcopyrite (essentially zero Ni). The same 
groupings were used for other deposits plotted as comparison (see Figure 11.9). 
 
Pd concentration for a given Ni content in BMS from the TU is more bimodal and 
occurs over a wide range of Pd concentrations than equivalent BMS in more 
obviously magmatic deposits such as the Platreef, Flatreef, and Merensky Reef 
(Figure 11.9). Time-resolved-analyses (TRA) of laser spots confirmed that strongly 
elevated Pd is found in solid solution in pentlandite and is not the result of sampling 
Pd-rich PGM. Pd concentration in pentlandite of the TU is unusual for a variety of 
reasons: 1) it occurs over a range of <1 ppm to >>1000 ppm, 2) there may be a 
bimodal concentration trend in pentlandite developed within the same sample or thin 
section, and 3) high Pd concentrations are found in pentlandite with lower Ni 
concentrations than lower Pd concentration pentlandite. This is different to the 
trends shown by pentlandites from the Platreef and Merensky Reef (Figure 11.9).  
 
The wide range of Pd concentration in pentlandite in the TU spans nearly 3 orders of 
magnitude and greatly exceeds the typical range expected for orthomagmatic BMS 
typified by the Platreef and Merensky Reef (Figure 11.9). However, the bimodality 
and range of variation is similar to trends observed in BMS from the Aurora deposit. 
McFall et al. (2019) linked these trends in Aurora to hydrothermal BMS and similar 
processes might be active in the TU. 
 
The upper range of Pd concentration in the TU is above the maximum found in the 
Merensky Reef reported by Godel et al. (2007) and approaches Pd concentrations 
measured in pentlandite from the J-M Reef of the Stillwater Complex by Godel and 
Barnes (2008). The latter authors were unable to explain the high Ni and extreme Pd 
concentrations (>10000 ppm Pd) of pentlandite in the J-M Reef by conventional 
magmatic processes and ascribed the measured concentrations of Pd to upgrading 
and recrystallisation of primary BMS by later hydrothermal fluids. 
 
The bimodal concentration trend of Pd in pentlandite can also be traced on a thin 
section scale; a single thin section can contain pentlandite with Pd concentrations 
that vary by factors of 35-80 (Figure 11.10). Ni and Pd upgrade by alteration 
involving S loss, can be rejected as possible explanation for elevated concentrations 
by the observation that both high and low concentration pentlandites show similar 
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alteration intensity and features; thick oxidation (magnetite) rims, broken up BMS 
with ±secondary PGMs in/on the rim or edges of the BMS.  The association is also 
not a function of stratigraphic height or lithology as high and low concentration 
pentlandite occur elsewhere at varied depths in the TU. Variation in Pd 
concentration must therefore be a function of a process that was not completely 
pervasive and affected only parts of the rock, producing high-Pd and low-Pd 
pentlandites on a cm-scale. However, PGE (and other trace element) concentrations 
and ratios might be a function of the textural relationship of the pentlandite; granular 
or contact type pentlandite. Mansur et al. (2018) has shown that these different 
textural differences have significant different PGE and trace element concentrations 
in massive BMS of the Kharaelakh Intrusion in Russia. 
 
 
Figure 11.10: PGE concentration in BMS found in a single thin section (FT1128, 234.29 
m, TU2) illustrating the bimodal enrichment of Pd in BMS on a sample scale. High 
concentration (300 ppm Pd) pentlandite is found in Area A, associated with fractures 
in the silicate minerals. Low concentration (9 ppm Pd) pentlandite is found in Area B.   
 
Elevated whole rock IPGE concentrations were not matched by visible IPGE-bearing 
PGM (Chapter 10). LA-ICP-MS analyses reveal that pyrrhotite and pentlandite 
contain variable concentrations IPGE, including one time resolved laser analysis 
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consistent with an inclusion of irarsite-hollingworthite (Ir-AsS). The highest Pd 
concentration pentlandite contains no detectable IPGE whereas low concentration 
pentlandite sometimes does (see also Figure 10.12). This offers further support for 
separate origins for these sulphides.   
 
The origin/ genesis of the BMS, magmatic or hydrothermal, can also be investigated 
using S/Se ratios. S/Se ratios are a possible indicator to the sulphur source, loss 
and mobilisation but cannot be used alone without understanding the phase 
relationships of BMS and PGM (see for example Prichard et al., 2013). In Chapter 9 
it has been shown that some BMS form complex polyphase minerals with flecks 
(mixtures) of millerite, sphalerite and bornite. The BMS are also altered and oxidised 
and so what is being measured is in some cases not a primary assemblage 
anymore but the effects or later alteration and recrystallisation of BMS, possibly by 
more than one fluid and over different temperature ranges.  
 
When S/Se ratios are calculated for the TU sulphides these have a bimodal 
distribution with most BMS producing S/Se below mantle values with some plotting 
just in the mantle field or above it (Figure 11.11). The Dsulphide/silicate values for Se 
(103) and for Pt and Pd (105-106) mean that BMS formed at progressively higher R 
factors should define trends that slope or curve upwards and towards the left on 
Figure 11.11. Individual BMS minerals in the TU with low concentrations (<20 ppm) 
define fields that follow the expected trends for magmatic sulphides. However, the 
most Pd-rich pentlandites (and mixed BMS) in the TU are not Se-rich, and produce 
high S/Se ratios above the mantle range. This is the opposite of what would be 
expected if the Pd concentrations were simply the result of magmatic sulphides 
forming at unusually high R factors.    
 
The same is true for samples with low PGE concentration found within the same thin 
section (Figure 11.10). Low PGE concentration pentlandite contains generally higher 
concentrations of Se than high PGE concentration pentlandite. These observations 
point to different generations of BMS; relatively low PGE concentration magmatic 
sulphides alongside Pd-rich sulphides formed by fluids that infiltrated permeable 
parts of the primary rock. However, the amount of Pd in pentlandite might not 
necessarily be related to the tenor of the BMS sulphide (i.e. original sulphide liquid) 
from which it developed. Other factors governing how the pentlandite developed 
may have affected the behaviour of Pd. The same factors may have governed the 
distribution of Se, i.e. peritectic versus exsolution pentlandite. 
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Possible explanations for the observed mixture of BMS might be: 1) sulphide 
saturation and collection of PGE from melt stratigraphically above the TU 
(downwards enrichment), 2) Some inherited PGE in solid solution in BMS of the MZ 
cumulates before fluxing (in situ and redistribution), or 3) the fluxing fluid/s have an 
inherited PGE and metal concentration or a melt fraction enriched in these elements 
from a source below the TU.  
 
 
Figure 11.11: S/Se ratio and Pt+Pd ratio of BMS of the Troctolite Unit compared to 
other mantle ratios and other large layered intrusions. Figure was adapted from 
Holwell et al. (2015).  
 
Low PGE concentration BMS in the TU contain IPGE and follow trends on the Pt+Pd 
versus S/Se plot that are consistent with other BMS in orthomagmatic deposits. But 
metal concentration by sulphide saturation and accumulation, including allowing 
some sulphide liquid to percolate below a hypothetical reef horizon, fails to explain 
the high Pd concentration, IPGE below detection limits (see Figure 11.12 for the 
relationship between Pd and IPGE), low S/Se ratios and spatially restricted 
concentration of pentlandite in the highest grade zones of the TU. These 
characteristics are more consistent with enrichment from below and redistribution of 
PGE within the TU either syn- and/or post formation of the major silicates.  
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Figure 11.12: Bivariant diagram of Pd vs. IPGE measured in the BMS of the TU 
illustrating the range and elevated concentration of Pd in BMS with high and low 
IPGE. A value of 0.1 was assigned to samples with IPGE that fall below detection limit 
to incorporate the full samples suite i.e. high Pd and below detection limit IPGE.  
 
The TU in the VSF2 borehole is heavily serpentinised but serpentinisation is a low 
temperature process (upper limit of 400-600°C) and its effects appear to be different 
to the higher temperature fluid processes suggested above. PGM mapping and 
characterisation in strongly serpentinised samples showed that PGE such as Pd are 
leached from altered BMS but are found as PGM enclosed in or on the edges of 
altered BMS with small (<<1 µm) Pd-Pb PGM in the oxidation zones and limited 
areas around it (Figure 11.13). There is no evidence of transport of PGE and 
development of PGM further than the immediate oxidation zone. It would appear that 
serpentinisation affects/changes pre-existing hosts for PGE but does not lead to 
remobilization of PGE on a scale beyond a few 10’s or 100’s of microns. 
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Figure 11.13 A-C: Examples of PGE leaching, redistribution and low temperature Pd-
Pb PGM forming in the alteration zones of the BMS of: A) Anorthosite (JD14, 221.70 
m), B) olivine-norite (JD03, 88.20 m) and C) ultramafic (JD03, 88.14 m). 
 
11.3.6 Possible sources of PGE and Au in the TU 
 
Probable sources of PGE and other metals derived from below the TU might include 
the Platreef, xenoliths and the MZ. The Platreef is an unlikely main source seeing 
that it lies much deeper below the TU (>>2000 m with deeper / thicker variations 
along strike) and may have been at least partially solidified before the MZ intruded 
(Holwell and Jordaan, 2006; Armitage, 2011). A sediment source can be ruled out 
as there is limited evidence off PGE enrichment in the Malmani dolomites or 
Duitschland shales (Sharman-Harris, 2008; Stephenson et al., 2018) although these 
sediments occur as rafts and xenoliths throughout the MZ and might have 
contributed some Cu along with abundant water and CO2 to any fluid.  
 
A more probable source for the PGE is likely to be the MZ below the TU. The fluxing 
fluids might have scavenged PGE, and S (and other traces), from the BMS below 
the TU. The fluid/s has more than >1500 m (vertical thickness, not dip corrected) of 
anorthosite-gabbronorite (±melanorite/ pyroxenite, see Van der Merwe, 1978) of MZ 
cumulates with possible BMS with some inherited PGE as a potential source.  
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To test the BMS and PGE potential of the MZ below the TU 18 gabbronorite 
samples from the MO1 borehole, used in Roelofse (2010; 2012), that covers the 
Platreef and Lower MZ was investigated. The sample offcuts were donated to this 
study by Dr Freddie Roelofse of the University of the Free State and covered every 
50-100 m interval in the MO1, from the base of the MZ to the surface; this 
approximates to 1901.00 - 3215.70 m below the UZ-MZ boundary as defined in the 
BV1 borehole (Ashwal et al., 2005). The samples consisted of various types of 
coarse grained (<2 - <7 mm) gabbronorite. Unfortunately, no anorthosite or 
pyroxenite (melanorite) samples were included in the sample suite. Roelofse and 
Ashwal (2012) noted the modal proportion of total opaque minerals (varying from 
<0.5% to a maximum of 1.5%) but did not characterise them further.  
 
A preliminary study showed the opaque mineral assemblage in the MO1 samples is 
dominated by BMS (Figure 11.14). The Fe-Cu BMS consist of ccp-py assemblages 
ranging in size between <1 – >200 µm, with some BMS visible to the naked eye. 
Chalcopyrite-pyrite (cp-py) is not a magmatic assemblage at the temperature at 
which the MZ is likely to have consolidated. Pyrite has an upper stability limit of 
±800°, depending on pressure. The presence of pyrite might be evidence of 
interaction with fluid.  
 
BMS in the MO1 samples are mineralised within triple junctions, veins and enclosed 
in pyroxene or plagioclase. In most of the polished sections studied the BMS are 
broken-up, corroded and ± oxidised (Figure 11.14). The donation of these samples 
and this discovery was made only at the end of the project and due to time 
constraints, the mineral chemistry and PGE concentrations of these BMS could not 
be analysed and both aspects await further study. Nevertheless, the preliminary 
data suggest that the LMZ as a whole (and not just the MZ-Plateef contact zone) is 
richer in sulphide than has been appreciated before (e.g. Van der Merwe 1978; 
McDonald and Holwell 2011; Roelofse and Ashwal 2012). Supplementary Appendix 
22 for metadata and micrographs and BSE maps of MO1 sample blocks.  
 
A possible scenario to link the altered nature of BMS in the LMZ and the PGE 
concentrations measured in the TU might involve leaching and transport of PGE by 
the interstitial melt or fluids. PGE and S are leached and collected vertically over a 
depth >1500-2000 m of MZ cumulates. The fluids might likewise leach other metals 
and semi-metals such as Sb, Te, Bi, As, Co, Cu and Ni.   
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Figure 11.14 A-H: Micrographs of BMS mineralisation in the Lower Main Zone, ~500 m 
below the Troctolite Unit. Samples are from the MO1 borehole (see Roelofse 2010; 
2012). A) gabbronorite 1265.00 m, B) gabbronorite 1265.00 m, C) gabbronorite 1132.00 
m, D) gabbronorite 954.00 m, E) gabbronorite 652.00 m, F) gabbronorite 444.00 m, G) 
gabbronorite 217.65 m and H) gabbronorite 37.30 m. Sample depth is the depth as 
reported in the MO1 borehole and not relative to the UZ-MZ boundary. Micrographs of 
MO1 polished blocks are provided in the Supplementary Appendix 22.  
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Leaching of metals from BMS below the TU and re-precipitation of secondary BMS 
selectively at trap sites along fluid pathways in the TU is expected to be a 
continuous process. Fluids leach and redistribute metals during fluxing i.e. as fluids 
moves through the solidified or nearly solidified TU. The composition and leaching 
potential (eh, ph, fugacity, temperature) of the fluxing fluid changes as the fluid 
moves upwards (and sideways or laterally) through the TU and interacts (flux melts) 
with the proto cumulates. The change in fluid composition and properties coupled 
with changes in environment in the TU (changes in the cumulate pile composition or 
other parameters like depth and temperature) might cause the PGE and S to be 
‘deposited’ or crystallise. Later fluids leached PGE from BMS to form PGMs in, on 
sides, veins and in the silicate-BMS alteration zones, as well as possibly upgrading 
Ni and Co concentrations of select BMS.  
 
The following hypothesis is proposed for PGE concentration and distribution (see 
Figure 11.15):  
1) The TU is an open system- fluids might be sourced / coming from below and 
the side.  
2) The metal tenor (concentration) of the fluxing fluid/s is most likely a mixture 
of MZ, xenoliths and Platreef (probable).  
3) The MZ has some inherited BMS or sulphide melt droplets before fluxing 
(BMS found in the MO1 and olivine poor lithologies in the VSF2). The high 
temperature BMS might have been present in the TU at the time of TU 
formation i.e. MZ BMS left or recrystallised by the flux fluids. This might 
explain the presence of BMS in the TU with high IPGE and Se (i.e. magmatic 
BMS). These BMS are likewise a potential source of PGEs. It has been 
shown in this study that Pd is in solid solution in BMS and has been leached 
by possibly more than one fluid. However, the TU lacks sulphide 
mineralisation and the source of PGM could not have been original 
recrystallised MZ sulphides alone.  
4) Fluxing fluids bring in semi-metals and PGE and/or possible sulphide melt 
with semi-metals and PGE. 
5) BMS forms by the processes that causes flux melting (assemblage 2, or 3 
before / after mss-iss crystallised). BMS are associated/ found with olivine 
and pyroxene mottles.  
6) PGE is leached from the BMS by fluids syn/post TU formation upgrading 
some of the BMS- increase in Ni and Pd (BMS assemblage 3, or 3 before 
alteration?). In VSF2 this is evident in the fresher late stage pyroxene mottles 
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around amphibole (cummingtonite) and mottle network. BMS are found with 
the mottles and in some cases enclosed in the pyroxene (example FT1038 
and JD03, these samples carry grades of >5 ppm).   
7) Syn / later fluids flush through the TU collecting / leaching PGE from BMS- 
leached and reworked BMS in the TU3 and so forming small PGM. (TU3) 
The massive troctolite sequences in VSF2 (TU3) and BV1 (BV-TU1) are both 
barren of PGE. This might be due to either a lack of sulphides in the original 
cumulate or conditions not being right for PGM formation or constant (or 
later) fluids might flush PGE out of the cumulates and transport them 
elsewhere. This might indicate that it is an open system and that fluids might 
not be only traveling upwards but also sideways or has an input at different 
levels / migrate along strike.  
8) The PGE+S laden fluids reaches a critical point, change in environment or 
thermodynamic conditions or areas of Ni (leaches Ni from the surrounding or 
nearby olivine) and PGE is deposited / mineralised, and form PGM. A rapid 
change in environment from more leucocratic to ultramafic might be aiding in 
PGE being ‘deposited’/ mineralised instead of migrating upwards. PGE 
concentration is always highest at the changeover between anorthosite-
ultramafic; this change can be over a few centimetres to meter scale with 
PGE mineralisation concentrated <0.5 m above and below this boundary. 
Most crucially there is no evidence to suggest PGE leaching from the 
ultramafic to the more leucocratic lithologies.  
9) Late alteration / fluids overprints BMS at low temperatures and cause 
oxidation rims around the BMS. Low temperature PGM are scattered in the 
alteration zones around (Figure 11.15). The fluids are low temperature (<200 
°C) based on the presence of low temperature alteration minerals like 
chlorite and crosscutting calcite and ±quartz veins. The VSF2 is rich in veins, 
microstructures (veins and joints) and alteration along exsolution lamellae. 
10) Primary and secondary PGE concentration and distribution is strongly 
controlled by fluids syn- and post TU formation. Current PGE concentration 
and mineralisation might have been localised by the dissolution of BMS or 
primary PGM in the fluid that caused the flux melting. The flux fluid is 
concentrating/ leaching PGE (upgrading the PGE tenor) from BMS / sulphide 
droplets as it moves through the TU. In the VSF2 borehole it was evident that 
the ‘original’ hydrothermal PGMs (and sulphides) are overprinted, leached, 
redistributed and oxidised by later fluid events.  
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Figure 11.15 A-C: Schematic diagram illustrating the evolution of BMS assemblages 
and PGE/PGM in the Troctolite Unit pre-, syn- and post TU formation. A) Before 
fluxing: the Main Zone has some component of magmatic low concentration PGE 
BMS. B) Flux melting fluids bring in metals and S and forms discreet BMS in the newly 
formed TU and possibly upgrading inherited MZ BMS. This is evident in the link 
between the occurrence of BMS and olivine and, C) Late stage magmatic fluids (and 
possibly later) move through the TU in a series of fracture networks. The fluids are 
rich in metals and PGE (mixture of LMZ, Platreef and xenoliths) and upgrades BMS as 
they interact. The fluids move along fracture networks and cause localised effects, 
active on a thin section scale, upgrading PGE concentrations. Later fluids cause 
serpentinisation and oxidation of BMS.   
 
11.4 Final statement and future work 
 
The TU is a noritic-troctolitic unit >250 m thick with unique and ‘unconventional’ 
cumulate textures in the middle of the MZ of the northern limb. The olivine-rich 
horizon is overall more like the MZ than the CZ in all aspects (bulk rock 
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geochemistry, mineral chemistry and age) yet carries economical grades of PGE. 
PGE concentration and distribution are erratic and favours less mafic lithologies. 
Primary and secondary PGE concentration and distribution is strongly controlled by 
fluids syn- and post TU formation.  
 
This study has shown that most proposed historic and new TU formation hypotheses 
can be discarded. The TU did not form from a new or contaminated magma, or as a 
sill, an influx of crystal slurries or mushes, as part of the normal crystallisation of the 
MZ, nor is it the remnant of the Platreef (or CZ) or a dolomite raft. Results from this 
study suggests that the TU formed during the development of the MZ by fluid-driven 
flux melting reactions that transformed gabbronorite proto-cumulates into the olivine-
rich lithologies. PGE concentration might have been upgraded by the dissolution of 
BMS, from the MZ and the fluxed lithologies, and/or PGE in the fluxing fluids. 
 
This study is the first holistic overview (and the first of its kind) on the petrology, 
mineralogy, and geochemistry and PGE concentration of the TU. It is also the first 
study on the TU not based exclusively on the BV1 borehole and included samples 
and observations from two boreholes (VSF2 and BV1), field samples (TU and MZ) 
and mapping. New contributions of this study include: 1) define what is the TU and 
set stratigraphic boundaries, 2) a first-time detailed description of the lithology, 
petrology, mineralogy, geochemistry and PGE concentration of almost the entire TU 
sequence, 3) a first comparison of the lithology and PGE concentration of the TU 
between two boreholes (BV1 and VSF2) and TU in outcrop, 4) fill-in ~200 m of the 
450 m stratigraphic gap and 5) propose an alternative formation model. 
 
There are still vast knowledge gaps to be filled regarding the TU. Future work and 
key questions includes: 1) the exact size of the TU and its contacts with the MZ; the 
TU most probably extends for several more meters above and below the defined 
area, 2) the continuity (or variability) of the TU along strike (petrology, geochemistry, 
mineralogy), 3) economic exploitability of the TU; how and where PGE are 
concentrated and changes along strike, 4) the age, composition, temperature, pH/Eh 
and fugacity of the fluxing fluid and 5) numerical modelling of TU formation models.  
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Appendix A 
Materials and Methods 
 
A detailed description of the materials used and methodology followed during 
sampling, logging, mapping, analytical methods (sample preparation and analytical 
processes), and data processing is given. Formulas and equations used in 
conjunction with analysis and data processing is given in Appendix B. Sample lists, 
metadata and all data gathered are provided in Appendix C-I and supplementary 
Appendixes 1-22.  
 
A.1 Mapping, sample collection and core logging 
 
The Troctolite Unit (TU) is poorly described in literature and the most recent work 
available on the TU is summarised from Van der Merwe (1976; 1978; 2008), Ashwal 
et al. (2005), Cheshire (2011) and Tanner et al. (2014). The lack of an in-depth study 
on the petrology, mineralogy and geochemistry of the TU made it a necessity to set 
up a baseline or reference log and sample suite for comparison studies. Mapping 
together with the stratigraphic range of samples collected during fieldwork and core 
logging permits a holistic view on the change in geochemistry and PGE enrichment 
across the unknown area of the Main Zone (MZ) stratigraphy.  
 
A.1.1 Mapping and fieldwork 
 
The study area is situated outside the village of Malokong, Limpopo Province, South 
Africa, on the farm Vogelstruisfontein (765LR). Malokong is located roughly 60 km 
north-west of Mokopane. Mapping was limited to the farm Vogelstruisfontein (765LR) 
where Bushveld Minerals Ltd. hold mineral prospecting rights; roughly one kilometre 
radius around the TU outcrop. However, important lithological boundaries were also 
investigated in riverbeds and outcrop in municipal areas. Mapping was undertaken 
during the 2015 field season and followed up by more detailed mapping during the 
2016 field season.  
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A.1.1.1 Mapping procedures and shortcomings  
 
The area had to be remapped as published maps lacked detailed lithological changes 
within the TU and exact contacts with the surrounding MZ. Original maps from Van 
der Merwe (1976, 1978) and maps thereafter (Council for Geoscience, South Africa), 
do not include lithological contacts between the TU outcrop and the gabbronorite-
anorthite sequences of the lower MZ. Mapping was focused on areas stratigraphically 
below the TU and at the contact with the TU. Traverses were walked east-west 
perpendicular to strike (N-S), over the MZ rocks and TU, to compile the map. An area 
of roughly 1.5 km2 was mapped during the study.  
 
A.1.1.2 Definition of lithological and stratigraphic boundaries   
 
The TU and MZ outcrops were poor to none existing in the field and most contacts 
had to be inferred from float or changes in soil colour. In line with previous studies the 
TU was mapped as a single entity and could not be lithologically divided during 
mapping. How and where stratigraphic boundaries of the TU with the MZ were defined 
or placed remains open to interpretation as these could not be traced in the field due 
to deep weathering and intense alteration. Lithological contacts and boundaries, as 
seen in the field and used during mapping, together with is a description of the area 
as catalogued during mapping is given in Chapter 5.  
 
A.1.2 Sampling strategy 
 
Samples were collected over two sampling campaigns from 2015-2017 (Table A.1) 
and supplemented with thin sections and sample blocks from the BV1 and MO1 
boreholes. Samples collected from the VSF2 borehole by Davey (2014) were also 
used in this study. The sample suite comprised of cuttings from two diamond drill 
cores (VSF2 and BV1), supplemented with grab samples to ensure a representative 
sample collection over the MZ, TU and subsequent mineralised zones, spanning part 
of the missing ~ 450 m of magmatic stratigraphy in the northern Bushveld Complex.  
 
VSF2 drill core from the farm Vogelstruisfontein (765LR) was provided by Bushveld 
Minerals Ltd. and field samples were collected in the same area. Samples from the 
Bellevue core (BV1) was obtained from the South African Council for Geoscience’s 
National Core Library at Donkerhoek, South Africa.  
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A.1.2.1 2013 sampling campaign 
 
Davey (2014) collected a suite of 54 (10 cm length) quarter diamond drill core 
samples. However, Davey (2014) sampled at irregular intervals (roughly every five 
meters) and largely targeted areas of high PGE concentration, identified from assay 
work done by Bushveld Minerals Ltd. 
 
Not all the core sampled by Davey (2014) study was analysed in that study. 
Processed samples (JD1-25) from the Davey (2014) study were reanalysed and used 
for this study. In addition a sub-suite of the non-analysed VSF2 samples (JD26-45) 
from Davey (2014) was created to fill stratigraphic gaps sampled out in the core (Table 
A.1). Bushveld Minerals Ltd. had halved the core for PGE analysis and a third party 
had sampled out several horizons completely prior to this study commencing. As 
protocol, continuous quarter core references samples are kept of diamond core 
boreholes by the exploration company and these cannot be sampled again. Many of 
the Davey (2014) samples were relogged, reoriented and reassessed in order to 
generate a complete and consistent VSF2 dataset.  
 
Table A.1: Summary of activities and sampling during each field season.  
Campaign and locality Activities 
Core 
samples 
Lithology Sample ID 
2
0
1
5
 
Vogelstruisfontein 
Sampling and 
logging VSF2 
VSF2 
Main Zone 
Troctolite Unit 
FT1001-1148 
JD26-33 
Mapping and 
sampling of MZ and 
TU  
Grab 
samples 
outcrop 
Main Zone, 
Troctolite Unit, 
felsic intrusions 
BK01-76 
2
0
1
6
 
Vogelstruisfontein 
 
Logging and 
sampling of VSF2 
VSF2 
Main Zone 
Troctolite Unit 
FT4201 – 
FT4212 
Mapping and 
sampling TU+ MZ  
Grab 
samples 
outcrop 
Main Zone-
Troctolite Unit 
contacts 
BK77-85 
Donkerhoek  
Core library 
Logging and 
sampling of BV1 
BV1 
Main Zone and 
Troctolite Unit 
BVE1-24 
 
A.1.2.2 2015 sampling campaign 
 
The second phase of sampling was conducted in May 2015. The objectives of the 
2015 campaign were to map the MZ below TU and to establish the contact between 
the TU and the MZ that is not recorded in the VSF2 borehole and to log and sample 
borehole VSF2 (Table A.1). During the 2015 campaign, preliminary mapping and 
outcrop localities were identified as areas of interest for more detailed field studies for 
the 2016 campaign 
323 
 
Quarter core of 10 cm, including low and higher grade PGE assays, were sampled at 
irregular intervals (almost every 2 meters) to best represent the range of lithologies 
and mineralisation styles in the VSF2 borehole. During the 2015 sampling campaign, 
it was evident that the basal TU-MZ contact in the VSF2 borehole assumed by 
Cheshire (2011) and Davey (2014) was not the true contact. Lithologies below the 
proposed contact identified from the 2013 study (attributed to MZ lithologies) showed 
elevated MgO content (Davey, 2014) and visible olivine mineralisation in several hand 
specimens of gabbronorite. Therefore, the basal TU-MZ contact must lie below the 
base of the VSF2 drill core.  
 
The TU body dips 18-25°W, and strike north-south (Figure 5.3), so it is theoretically 
possible to sample the TU-MZ contact from surface outcrops. The area marked in 
Figure 5.3 was mapped and sampled during the 2015 field campaign, by walking 
several traverses east-west over the TU outcrop.  
 
Samples were taken along several traverses perpendicular to strike. Sample density 
and spacing was restricted to surface outcrop. Samples consisted of MZ lithologies 
and crosscutting felsic rocks. The MZ below the TU was sampled over a distance of 
>1000 m at the surface which translates to a depth of ±300-500 m below surface and 
~100 m below the TU, if we assume a dip of 25°W for the TU and 22°W for the MZ 
(Van der Merwe, 1978), see Appendix B for the methods used to calculate true depth 
of MZ lithologies below the TU. No samples were taken from the MZ above the TU. 
This area had no prominent outcrop, in the study area, and consisted of soil and float.  
 
A.1.2.3 2016 sampling campaign 
 
The third phase of sampling was undertaken in 2016. Fieldwork focussed on sampling 
and mapping the TU outcrop along strike together with mapping the MZ around the 
TU over an area of roughly 1 km x 1.5 km. Core logging was centred on reclogging 
and sampling the VSF2 and BV1 boreholes.  
 
Sampling during 2016 consisted of sampling the TU outcrop and resampling the MZ 
contact in the field as well as various felsic veins and dyke-like features sampled 
during the 2015 campaign; and adding lithologies missed during the 2015 season. 
The VSF2 core was re-logged and resampled on smaller scale to include cyclic 
variations missed or not logged during 2015 logging. The VSF2 and BV1 cores were 
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fine combed for visible BMS or iron staining and potentially mineralised samples 
selected.  
 
The BV1 core was logged and sampled during the 2016 field season, as it is the only 
other drill core known to contain the TU. The BV1 core is the property of the Council 
of Geosciences (CGS) South Africa and is currently housed at the National Core 
Library. A total of 36 quarter core samples of 10 cm was taken over 140 m in the BV1. 
Sampling was irregular (every 5-10 m) and designed to include all major lithologies, 
areas with visible sulphides, lithological contacts, felsic dykes and veins and areas 
identified to being similar as the TU in the VSF2. The TU of the BV1 was more 
intensely sampled during this study than the Ashwal et al. (2005) study. However, 
some of the important or prominent marker horizons within the BV1 TU had been 
completely sampled out by Knoper and Von Gruenewaldt (1996) and Ashwal et al. 
(2005).  The BV1 TU was used to compare lithology, mineralogy and PGE enrichment 
with the VSF2 TU in order to establish how the TU varies along strike.  
 
A.1.2.4 Samples obtained from other studies  
 
The VSF2, BV1 and field sample data sets were supplemented with thin sections from 
the Bellevue (BV1) provided by Tanner et al. (2014). These covered lithologies and 
stratigraphic units not sampled by this study.  
 
The Moordkopje (MO1) borehole was used to link and compare the TU with the Lower 
MZ. Eighteen sample blocks (30 mm x 20 mm x 7mm) from the MO1 borehole was 
provided by Dr F. Roelofse. The MO1 sample set consisted of the reference samples 
of thin sections (irregular spaced, 30-100 m intervals) used in Roelofse (2010) and 
Roelofse and Ashwall (2012). The lithological log by Anglo American was obtained 
from Roelofse (2010). Observations and depths of MO1 samples were based on work 
by Roelofse (2010).  
 
A.2 Sample preparation  
 
An overview of sample preparation for bulk rock analysis (cutting, crushing, milling 
and LOI) and in situ analysis (thin-and polished sections) preparation is discussed. 
Similar sample preparation techniques were followed for field- and core samples. 
Sample preparation of individual analytical techniques is discussed under the relevant 
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technique. A summary of the number of samples processed of each sample suite is 
given in Table A.2. 
 
Table A.2: Summary of the number of samples collected and processed during this 
study for bulk-rock and in-situ analyses.  
 Field samples VSF2 core BV1 core MO1 core Total 
ID BK001-088 
JD01-45 
FT1001-1148 
FT4201-4212 
BV1_1-24 MO1_1-18 
 
Depth of 
borehole 
100 -150 m  
calculated 
268 m 
2950 m 
TU: ~140 m 
1500 m 
TU: n/a 
Nr. samples 
collected 
82 214 24 18 338 
Cut, crushed 
and milled 
82 115 28 Not analysed 225 
Thin sections 48 132 25 0 205 
Polished 
block 
0 0 0 18 18 
 
A.2.1 Bulk rock analytical techniques 
 
A.2.1.1 Sample size and methods 
 
Field sample spacing was irregular and depended on the available outcrop.  A 
representative sample size was taken of outcrop as far possible using a five-pound 
hammer. Sample size was kept consistent with crystal size as far as possible. Medium 
grained rock (troctolite, gabbro, norite, and anorthosite) samples were broken to the 
size of a brick (150 mm x 10 mm x 5 mm). Larger samples were taken of granitic and 
felsic lithologies, about double the size of the medium grained samples. Float samples 
(mostly xenoliths, granitoids and felsic intrusions) were halved if needed in the field 
or sampled as it was, depending on the size available. Samples differed in alteration 
and weathered intensity. Care was taken to sample the least weathered samples.  
 
Borehole sampling was spaced to best present change in lithology and possible cyclic 
units, in both the VSF2 and BV1 core. A sample was taken every 5-10 m in the VSF2 
and BV1 boreholes. Core sample size was restricted to 100 mm lengths of quarter 
cores with an original diameter of 50 mm. Core samples were selected depending on 
PGE grade, lithology and areas of interest. Samples were taken irrelevant of sample 
alteration intensity. 
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A.2.1.2 Cutting, crushing and milling  
 
Weathering was removed as best as possible from the field samples before crushing 
and milling. Weathering was removed with a diamond-bit saw and the cleaned field 
samples were then halved. Half was kept as a reference sample and to be used later 
to prepare thin sections. The other half was crushed in a manganese steel jaw crusher 
to roughly 1-3 mm chips. The chip sample was split several times to homogenise the 
sample. Half the chip sample was milled in agate ball mill, at 250 RPM for 30-60 
minutes, to a fine powder (<149 µm / 100 mesh). The rest of the chip sample was 
kept as back-up/ reference.  
 
For core samples, first a block of 30 mm x 20 mm x 10 mm was cut from the core, to 
be used later to make thin- /or thick sections. Off-cuts from the thin section blocks 
were kept as reference samples. The rest of the quarter core sample was crushed 
and milled following the same procedures as described for field samples. After milling 
the powders were weighed and documented, before analysis, for future PGE+Au 
grade calculations.  
 
A.2.1.3 Loss on ignition (LOI) 
 
The final milled powders were dried out to determine the loss on ignition (LOI). Empty 
ceramic crucibles were heated in a horizontal furnace at 900ºC for approximately 20 
min, to dry the crucibles out. The crucibles were cooled and then weighed, using a 
scientific balance with four decimals accuracy (0.1000 mg).  Approximately a gram 
(1.0000 ± 0.0010 g) of finely milled sample powder was added to the crucibles. The 
combined weight was accurately recorded. The filled crucibles were placed back in 
the oven for 120 minutes at 900 °C, to ignite the samples. The crucibles and samples 
were cooled and reweighed to determine the loss on ignition. The ignited samples 
were used in whole rock ICP-OES and ICP-MS for major- and trace element 
determination. LOI was added to ICP-OES results to compensate for loss of H20, CO2 
and others volatiles like S, Cl.  
 
A.2.2 In situ analytical techniques 
 
Polished sections and blocks were used during the study for in situ determination of 
minerals (reflective- and refractive microscopy), quantification and imaging of 
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minerals (EDS-SEM), characterise PGM and sulphide minerals (automated ASEM) 
and trace element distribution in silicates, oxides and sulphides (LA-ICP-MS).  
 
A.2.2.1 Polished thin sections and blocks 
 
Polished sections were prepared by cutting sample blocks of roughly 25 x 35 x 10 mm 
using a diamond blade saw. The sample blocks were set on a glass plate and polished 
down to 145 µm thickness for use in SEM and other microscopy work. Where samples 
were serpentinised, brittle and difference in competence of minerals complicated 
sample preparations. Care had to be taken with polishing not to over polish the brittle 
samples and loose more competent minerals such as PGM. Over polishing of a 
sample may result in samples with negative topography, voids and kinks in the 
surface. Such problems were unavoidable with the more altered lithologies and 
several thin sections could not be used in SEM and LA-ICP-MS analysis. Polished 
blocks were made from MO1 sample off-cuts.  
 
A.3 Analytical procedures 
 
Multiple bulk rock and in situ analytical techniques were used to image and quantify 
the petrology, mineralogy and geochemistry of the TU and surrounding MZ lithologies. 
Optical microscopy, SEM, ICP-MS and ICP-OES, pXRF, LA-ICP-MS and nickel 
sulphide fire assay analyses were conducted at the School of Earth and Ocean 
Sciences, Cardiff University. Analytical procedures, methods and running conditions 
as described in McDonald and Viljoen (2006) was followed as far as possible. A 
description of the additional analytical techniques, running procedures and methods 
used during this project are provided below. A summary of analysis and number of 
samples analysed is provided in Table A.3.  
 
A.3.1 Bulk rock analytical techniques 
 
Bulk rock analytical techniques consisted of ICP-OES/MS for whole-rock 
geochemistry, pXRF for determining major and minor elements in powders and cores 
and Ni-sulphide fire assay for PGE+Au grade quantification. 
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Table A.3: Summary of the number of samples analysed during this study.  
 
Field 
samples 
VSF2 core BV1 core MO1 core Total 
ID BK001-088 
JD01-45 
FT1001-1148 
FT4201-4212 
BV1_1-24 MO1_1-18  
Bulk-rock analyses 
ICP-MS/OES 82 115 28 0 225 
PGE assay 33 70 25 0 128 
pXRF powder 0 78 21 0 99 
Sr+O isotopes 0 8 0 0 8 
In-situ analyses 
SEM: Min 
Quantification 
2 13 0 0 15 
SEM: PGM 2 14 2 0 18 
SEM: 
sulphides 
0 16 0 0 16 
LA-ICP-MS 
silicates 
6 38 0 0 38 
LA-ICP-MS 
sulphides 
0 15 0 0 15 
 
A.3.1.1 Inductively-coupled plasma optical emission spectrometry (ICP-
OES) and inductively-coupled plasma mass spectrometry (ICP-MS)  
 
ICP-MS is a quick, semi-quantitative to quantitative analytical method used to 
measure individual isotopes (At. Nr. 7-209, excluding 12-20 and several of the REE), 
has a high accuracy and precision with detection limits of several parts per billion 
(ppb) and certain element up to parts per trillion (ppt). Thermo Element X7 Series 2 
inductively coupled plasma mass spectrometer (ICP-MS) and JY Horiba Ultima 2 
inductively coupled plasma optical emission spectrometer (ICP-OES), housed at the 
School of Earth and Ocean Sciences at Cardiff University, was used to analyse for 
whole-rock solution geochemistry and PGE+Au.  
 
A.3.1.1.1 Sample preparation: Whole-rock silicates 
 
ICP-MS and ICP-OES analysis requires the solid sample to be completely in solution. 
Milled sample powders were dried out and the LOI determined, see section on bulk 
rock sample preparation. The solutions were prepared by fluxing 0.0100 g of finely 
milled sample powder with 0.6000 g of flux. Lithium metaborate (LiBO2) flux was used 
as fluxing agent. The flux-powder mixtures were wetted with lithium iodide (LiI) wetting 
agent and heated in platinum crucibles to approximately 1000 ºC, using a Claisse 
FLUXY fusion system. The molten samples were tipped into a diluted HNO3 solution 
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(10% HNO3), quenching the samples on impact and dissolving in the hot HNO3 
solution. The dissolved samples were spiked with 1 ml of 100 ppm of Rh ICP-MS 
solution. The ICP-MS reads the Rh spike as a standard background and measures 
concentrations relative to the Rh standard. The spiked solution is transferred to a 100 
ml volumetric flask and filled with deionised water to make up a 100 ml sample. 
Standard sample preparations an analytical set-up, as described by McDonald and 
Viljoen (2006) was followed for whole rock solution ICP-OES and ICP-MS.  
 
Data was corrected relative to the internal standards and calibrations.  The accuracy 
and precision of the individual batches were compared to reference standards 
measured at the same time. Data output, see associated Appendix, is given as 
concentration (wt.% or ppm) and the background removed/ subtracted with values 
measuring below detection limit in red. These were not removed or changed to zero. 
 
A.3.1.1.2 Sample preparation: Whole rock PGE 
 
Ni-buttons (charges) were cracked with a hammer and dissolved in hot HCl (liq). 
Tellurium (Te(liq)) and tin(II) chloride (SnCl2(liq)) was added once the buttons were 
completely dissolved, to precipitate the Pd, Au and Ag out of the solution. The liquids 
were filtered to collect the metal precipitate. After filtration a Pt/Tl spike of 100 µl is 
added to act as an internal standard. The spiked metal-rich filter papers are dissolved 
in aqua regia (4HCl:3HNO3) and a 50 ml sample is made up for ICP-MS analysis.  
 
A.3.1.2 Portable X-ray fluorescent spectroscopy (pXRF) 
 
Portable X-ray fluorescent spectroscopy (pXRF) is a quick non-destructive analytical 
method used to qualitatively map major and trace elements in cores and powders. 
Portable XRF was used to: 1) determine sulphur and Cu content in sample powders 
and cores and 2) qualitative determine major and trace element concentration in 
sample powders, cores and blocks.  
 
A.3.1.2.1 Sample preparations 
 
Core samples, sample off-cuts and polished blocks samples were cleaned / wiped 
down with an organic compound (acetone or alcohol) to remove surface 
contamination and fingerprints. The homogenised sample powders prepared for 
whole rock geochemistry (see sample preparation section A.2.1), were compressed 
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into a 30 mm x 30 mm x 10 mm holder, with a flat surface which was covered by a 
circular disc of X-ray transparent prolene.  
 
A.3.1.2.2 Instrument set-up and running procedures 
 
An Olympus Delta Pro pXRF (Table A.4) was used with the same set-up and running 
procedures used in all samples analysed. Analysing time of 90 s was used, with a 
dead time of 30 s. Quarter core samples, polished and unpolished sample blocks and 
sample powders were analysed with pXRF. The samples were analysed placing the 
pXRF gun / detector directly on the selected sample area. An area of 20 mm x 20 mm 
(size of the analysing window) with an analysing depth of 15 mm was analysed at a 
time. For core samples and blocks the pXRF gun was moved along the core as 
needed in 20 mm increments. Sample powders, were analysed in a plastic sample 
holder.  Comparative studies were done analysing the powders directly in the sample 
bags. However, sample bags contained trace elements in the plastic and attenuated 
low energy X-rays for elements like Mg and Si. More accurate and precise results 
were obtained by measuring sample powders in the holders rather than the bag. The 
holder also allowed for a constant volume of sample to be analysed.  
 
pXRF analysis is limited by the range of elements that can be measured, the 
sensitivity of elements that can be measured within error of counting times, the size 
of the analysing window and the volume of sample measured, sample size and depth 
and, the matrix effect. Best results are obtained from a homogenised powdered 
sample; localised minerals like BMS are not easily detected in cores and longer 
counting times are needed for coarser rock types.   
 
Table A.4: Detection limits and outlines of portable XRF.  
 pXRF, Cardiff University 
Analyse  Trace elements in cores, powders and mineral/ rock blocks 
Machine, Model  Olympus Delta Pro pXRF 
Excitation source 4 W Ag, Rh, Au or Ta anode X-ray tube 
Detector  Silicon drift detector 
Analysing window 
size 
20 mm x 20 mm, depth of 15 mm 
Samples 
Compacted sample powders, cleaned quarter core drill-cores 
Thick sections + polished blocks 
Standards  HV1, JP1, KC1, MP1, NIM-P, NIST 2710a, SU1a, UM1 
Element range and 
detection limit 
Core and pressed powders: Rh/Ag: >Mg and Ta/Au: > Al 
Detection limit depend on the element, up to ppm levels 
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The pXRF was calibrated before analysis and measured against a silica blank, pyrite 
standard and Bushveld reference samples. Data was corrected for drift during the 
day; standards were check every few hours and at the end of the session. Final data 
output, see associated Appendix, is given as concentration (wt.% or ppm) and the 
background removed/ subtracted. Values below detection limit are given in red, and 
not removed or changed to zero.  
 
A.3.1.3 Nickel-sulphide collection fire assay 
 
Nickel-sulphide fire assay (Ni- charges or buttons) was used to determine PGE (Os, 
Ir, Ru, Rh, Pd, Pt) and Au grades of selected samples. In nickel-sulphide collection 
fire assay metals (PGE + Au) are extracted from the silica melt (formed when heating 
sample) by sulphide collection. The metals segregates from the silica phase as a 
metal-rich sulphide phase at the bottom of the crucible. The charged in dissolved to 
be analysed by ICP-MS. The Ni-charge method is a slow and relatively expensive 
analytical technique. However, coupled with ICP-MS the technique yields accurate 
results for low detection limits of up to a few tens of ppb (Lipschultz et al., 2001). 
 
A.3.1.3.1 Sample preparations 
 
A similar methods for nickel-sulphide fire assay was followed as cited in McDonald 
and Viljoen (2006). A melt was created by mixing 10-15 mg of finely milled sample 
powder (150 µm mesh size) with carbonyl nickel powder (Ni), sulphur powder (S) 
(general purpose grade), sodium carbonate (CNa2O3), borate (C15H22O2) and silica 
powder (SiO2) (general purpose grade). The amount and ratio of sample, type of flux 
and silica powder added depended on the composition (Cr-rich or Cr-poor), silica 
(SiO2) content, amount of sample available and the alteration intensity or LOI. A silica 
content of >50 wt.% was desirable to create a sufficient silica phase. TU and MZ 
samples were corrected for low silica content, high LOI and lack of sample powder 
available. Samples were not enriched in Cr, Ni or S. Adaptation of the assay recipe is 
summarised in Table A.5. 
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Table A.5: Change in base recipe to compensate for low SiO2 concentrations, elevated 
LOI and lack of sample needed to assay.  
 
Na2CO3 Li2B4O3 
Na2B4O 
Borax 
S Ni 
Sample 
powder 
SiO2 NaOH 
g g g g g g g g 
Base recipe 6 - 12 0.9 1.08 15 1 - 
BLANK 6 - 12 0.9 1.08 - 10 - 
Low SiO2 
<50 wt.% 
6 - 12 0.9 1.08 15 2 - 
High LOI, 
>10 % 
6 - 12 0.9 1.08 7.5 2.5 - 
CO3 rich and 
high LOI 
6 - 12 0.9 1.08 7.5 7.5 - 
Sample <10 g 6 - 12 0.9 1.08 7.5 2.5 - 
High S 6 - 12 - 1.08 15 2 - 
High Ni / Cr 15 30 - 0.9 1.08 5 10 5 
 
A.3.2 In situ analytical techniques 
 
In situ analytical techniques used consisted of transmitted- and reflective microscopy 
for mineralogy and texture studies, EDS-SEM to quantify mineral chemistry and 
catalogue PGM, image plagioclase zoning in BSE (SEM), element maps of lithological 
contacts (ASEM) and LA-ICP-MS for determining trace element distribution and 
enrichment in silicates, sulphides and oxide minerals.  
 
A.3.2.1 Transmitted and reflected light microscopy  
 
Polarised light microscopy is a fast and inexpensive method to aid in mineral 
identification of standard petrological thin sections and polished blocks. Both 
transmitted and reflected light microscopy were used in this study to identify minerals, 
determine grain size and shape (roundness), textures, zoning, structures and identify 
areas of interest for SEM and LA-ICP-MS analyses. The specifications of the 
microscopes used are listed in Table A.6.  
 
Table A.6: Specifications of the polarising microscopes used in the study to identify 
minerals, textures, alterations and structures.  
 Transmitted and/ reflected polarised light microscope 
Application 
Mineral identification. To study textures, structures and alteration 
Identify areas of interest for SEM, LA-ICP-MS 
Model 
Nikon Optiphot2 with camera 
Leica DM750P with camera 
Software Leica LAS imaging software, V4 
Magnification 2x, 5x, 10x, 20x, 40x magnification 
Sample Thin sections and polished blocks 
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Grain or crystal size was determined by measuring the long axis of the relevant 
crystal. A minimum of five crystals per thin section was measured to obtain the 
average size and range. Crystals or grains were chosen at random. However, a point 
was made to include the smallest and largest grain sizes per sample per phase to get 
more accurately express the range in grain size. Crystal morphology or roundness 
was determined by measuring/ estimating the length to width ratio and the rounded 
edges of the crystal. Crystal size and shape was determined from 2D and not 
corrected for 2D-3D variations. 
 
A.3.2.2 Scanning electron microscope (SEM) 
 
Scanning electron microscopy (SEM) analysis is a fast, non-destructive, semi-
quantitative rapid data acquisition method (see Newbury and Ritchie, 2013). The 
interaction of an electron beam with the sample is used to take measurements, 
images and determine sample topography. These interactions produce primary and 
secondary X-rays and electrons that are measured by different detectors (Energy 
Dispersive X-ray Spectroscopy or EDS, Wave-length Dispersive X-ray Spectroscopy 
or WDS, micro-XRF).   
 
SEM-EDS was used to: 1) identify major, minor and ore minerals, 2) quantify minerals/ 
mineral chemistry using semi-quant EDS, 3) image of minerals and textures, 4) 
characterise, map and trace the distribution of PGM, 5) quantify, map and trace the 
distribution of sulphide and oxide minerals, 6) quantify Si-content of minerals analysed 
with LA-ICP-MS, 7) determine plagioclase zoning using BSE imaging and 8) element 
mapping. 
 
A.3.2.2.1 Sample preparation 
 
Polished sections (see in situ sample preparation) were coated with a conducting 
layer of carbon (±10-30 nm). Carbon coating is used to ensure that electrons are 
scattered evenly over the sample surface. The carbon coat can be replaced by Au or 
Cu depending on the type and composition of the sample. Uneven or too thick 
coatings may result in false peaks, increased peak values, overlapping peaks and 
mask secondary peaks. If samples are coated too thin, electrons will bounce off the 
sample causing random elevated peaks on the spectra graph.  
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A.3.2.2.2 Instrument set-up and running procedures 
 
The Cambridge Instruments (Zeiss NTS) LEO S360 coupled SEM (environmental or 
ESEM) and the Zeiss Sigma HD Analytical Field Emission Gun SEM (analytical or 
ASEM), housed at the electron micro-beam facility within the School of Earth and 
Ocean Sciences at Cardiff University, was used to locate and characterise PGM, 
quant and semi-quantitative mineral identification and element mapping. The features 
and set-up procedures used in SEM analyses, are summarised in Table A.7. Different 
type of SEM analyses were run with different set-up parameters; these were a function 
of mineral or phase measured, methods employed and the sensitivity of the detectors 
for certain elements and the quality or type data needed (quant or semi-quant).   
 
Table A.7: Features and operating procedures of the scanning electron microscopes 
(SEM) used during the run of this study.  
 E-SEM A-SEM 
Analyse 
Qualitative measurements 
PGM mapping 
Fully quantitative measurements 
with standards 
Element mapping 
PGM mapping 
Model 
Cambridge Instruments (Zeiss 
NTS) LEO S360 coupled 
Zeiss Sigma HD Analytical Field 
Emission Gun SEM (ASEM) 
Analysers  
and/ detectors 
Oxford instruments INCA EDS 
Two Oxford Instruments 150 mm2 
EDS detectors 
Oxford Instruments Wave WDS 
detector 
Analytical software Oxford ASTEC 
Cathode tube/ source Cu Cu 
Detection limit 
Majors: 0.02-0.05 wt.% 
Trace-elements: 1 wt.% 
Majors: 0.02-0.05 wt.% 
Trace-elements: 0.5-1 wt.% 
Imaging range  1 µm 10 nm 
Standards Internal standards 
ASTIMEX (Table A.9)  
MATRIX (Co: beam stability)  
Internal standards 
Sample preparation C coated thin/ polished sections, blocks and epoxy moulds 
 Instrument setup and running procedures 
Analyser EDS / EDX EDS 
Working distance 
(mm) 
25 8.9 
Aperture (µm) 60 
60 (imaging, quant, PGM 
mapping) 
120 (element mapping) 
120 (BSE maps) 
Process time (s) 3 
3 (imaging, quant, PGM mapping) 
1 (imaging, quant, PGM mapping) 
1 (BSE maps) 
Beam current (nA) ~2 4 
Beam voltage (keV) 20 20 
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A.3.2.2.3 Quant mineral chemistry using EDS-SEM 
 
Major and minerals (plagioclase, pyroxenes, and olivine) were measured / quantified 
against reference standards to determine major element concentration. A primary 
standard was used to calibrate major elements to, and a secondary to calibrate traces 
like Cr and to check/ calculate the error/ difference of the primary calibration (Table 
A.8). Element drift of light elements like Na was compensated for by using defocused 
beam rastering analysis; especially taking an area measurement of 5-10 µm2 instead 
of a point analysis. Iron is reported as the FeO measured (FeOM) and was not 
recalculated for FeOT and Fe2O3T. Individual minerals were analysed per separate 
session to keep calibrations as consistent as possible. If another session was needed 
on the same mineral/s the same calibration set-up/ standardisation was used but re-
calibrated to keep error as low as possible. Calibration was also checked several 
times throughout the session and readjusted if need with a final check at the end of 
the session. Beam stability (drift) (99-101%) was checked and recorded every 20 
minutes. Standardisations are provided with data sheets in the supplementary 
Appendixes.  
 
Table A.8: ASTIMEX mineral calibration standards used in this study.  
Mineral Primary 
Elements 
calibrated 
Secondary 
Elements 
calibrated 
Plagioclase plagioclase 
Na, Mg, Al, Si, Ca, 
Ti, Cr, Fe 
Albite and/or 
pyrope 
Na, Mg, Al, Si, Ca 
Pyroxene Diopside 
Na, Mg, Al, Si, Ca, 
Ti, Cr, Fe 
Pyrope 
Mg, Al, Si, Ca, Ti, 
Cr, Mn, Fe 
Olivine Olivine Mg, Si, Fe, Ni Pyrope 
Mg, Al, Si, Ca, Ti, 
Cr, Mn, Fe 
Sulphide + 
oxide 
chalcopyrite Fe2+, Cu, S pyrite Fe, S 
*Analysis should be interpreted as semi-quant as the standardisation was sufficient but 
did not include elements for all the different types of BMS and oxide minerals analysed 
PGM Semi-quant measured against internal standards 
 
A.3.2.2.4 Manual and automated search for platinum-group minerals with SEM  
 
Manual and automated PGM search, using EDS-SEM, was used to catalogue, 
measure and quantify PGM in relation to lithology, phase and mineral association, 
composition and size.  Manual search for PGM using EDS-SEM (see for example 
Prichard et al., 2004) was replaced by automated search methods developed at 
Cardiff University (see Stephenson et al., 2017).  
 
In manual PGM searching methods the samples are searched in backscattered 
electron (BSE) mode where the production of BSE is a function of the mean atomic 
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number of the material being analysed. The contrast and brightness can be 
manipulated so that the PGM appear brighter than the surrounding silicate-, sulphide 
and oxide phases. Frames of 50 µm x 50 µm are manually scanned over the surface 
area of the sample. Shortcomings of manual searching includes human error, very 
fine PGM are missed (frame size is too big, smaller PGM will not be visible), 
brightness and contrast manipulations (some of the duller PGM are mistaken for 
sulphides), other similar brighter phases in SE like Zr and Pb are unnecessarily 
analysed and time consuming. The manual search method is time consuming and 
labour intensive.     
 
The PGM in the VSF2 cores are finely mineralised (<1 µm in size) hindering / 
complicating manual SEM searching techniques. Manual searching techniques were 
replaced with automated methods, using ASEM and automated methods developed 
in-house at Cardiff University (see Stephenson et al., 2017). Automated, methods 
allowed for more samples to be analysed in less time, as well as lower grade samples 
and to rule out/ compensate for human error.  Automated SEM methods however, 
was limited to the size of the PGM. Automated scanning methods cannot pick-up PGM 
smaller <1 µm.  
 
Automated PGM searching methods works on the same principle as manual PGM 
search methods; picking out phases based on brightness and contrast differences. 
The method used was developed in-house on the ASEM. The ASTEC software 
package’s automated function was programmed/ calibrated to the intensity of PGM 
and will search the sample for areas / minerals within that intensity range. The optimal 
brightness, contrast and running time (resolution) is calibrated to this PGM or PGMs. 
The ASEM scans the sample and takes an image and analyses the PGM. The amount 
of PGM picked-up is limited to size, running time, resolution (frames per second) and 
pixel size. The automated technique is less time consuming (analysis can be run over 
night), has a smaller error range and more PGM are identified. However, the method 
cannot recognise phases <1 µm and some of the less dense or bright PGM might be 
missed. For the technique to be effective the samples have to have easily identified / 
large PGM to calibrate the software to. 
 
Sample images had to be checked manually to analyse the phase association of the 
PGM (sitting in sulphide or oxide or silicate) and to measure the size of the analysed 
PGM.  Manual methods were used to catalogue sulphide and oxide minerals and to 
measure possible PGE in solid solution in the sulphide minerals.  
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A.3.2.2.5 Element mapping using ASEM 
 
Semi-quantitative element mapping with ASEM was used to aid in mineral and texture 
identification and descriptions. Thin sections were mapped at different resolutions, 
magnifications and dwell times depending of the quality of the map/ data needed 
(Table A.9). All samples were run with using 120 µm aperture, 4 nA beam current, 
dwell time of 15000 µs and process time of 1s. Total counts in and out as well as 
‘dead time’ was recorded for each batch of maps run. Lower resolution maps were 
used for mineral and texture identification and characterisation. Higher resolution 
maps with longer dwell times was used for more detailed texture analysis to 
discriminate mineral boundaries and small inclusions.  
 
Table A.9: Parameters used during mapping of high and low-resolution element maps.  
Parameters Low resolution maps Medium resolution  High resolution maps 
Aperture (µm) 120 120 120 
Process time (s) 1 1 1 
Beam current (nA) 4 4 4 
Pixel size (µm) 20 13 2 
Resolution 64 128 512 
Magnification 215 166 270 
 
A.3.2.2.6 BSE mapping 
 
Backscatter electron maps (BSE) were run of entire thin sections or specific areas. 
BSE mapping was a useful tool as an entire thin section can be mapped in less than 
an hour, at relative high resolution, compared to element maps that can take several 
hours. BSE maps were used to quickly and easily locate minerals for mineral 
quantification analysis, which is too small or difficult to find with a microscope; 
minerals included PGM, sulphide, oxide and apatite. These minerals contain heavy 
elements that make them appear brighter than the surrounding silicates. The maps 
were used as reference maps to locate the individual minerals to be analysed and so 
make the process more efficient and find more of the phases / minerals that would 
normally be missed with manual searching with a microscope or the ESEM. The maps 
were useful to pick-up phases, like zircon, baddeleyite and symplectites that was not 
necessarily analysed for but used in mineral descriptions. The maps were also used 
in texture identification and to determine the association and spatial distribution of 
these minerals. Maps were run using a 120 µm aperture, process time of 1-3 s, beam 
current 4 nA, various pixel sizes and resolutions (depending on the purpose of the 
maps) and a minimum of 100x magnification.  
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A.3.2.2.7 Data output and correction 
 
Spectra output was flittered and checked for overlapping and false positive peaks and 
the background removed for every single individual analysis. The spectra is converted 
to concentration and expressed as either oxides or individual elements and given as 
atomic% (at.%) or oxide% (wt.%) or mole%. Data sets were further filtered to remove 
analysis with totals that fall outside or error (< 98.5% and > 101.5%).  
 
A.3.2.3 Laser ablation-ICP-MS (LA-ICP-MS)  
 
Laser ablation ICP-MS (LA-ICP-MS) was used for in situ trace element 
measurements in silicates (Cr, Mn), sulphides (PGE) and oxide phases (PGE) and to 
track chemical, trace element and PGE changes in and over phases. The outline of 
LA-ICP-MS, conducted at the School of Earth and Ocean Science, Cardiff University 
is summarised in Table A.10.  
 
Table A.10: Outline of LA-ICP-MS analysis used for in situ trace element analysis. LA-
ICP-MS analysis were conducted in-house at Cardiff University.  
 LA-ICP-MS 
 ICP-MS Laser system 
Machine, Model Thermo X7 Series 2 ICP-MS  
ESI UP213 Laser Ablation 
system  
Software Thermo Plasmalab Merchantek EO laser software 
Analyse 
In situ trace element determination for area specific or phase specific 
analysis 
Sample preparation Thin polished sections and polished blocks (25 x 25 x 5 mm) 
Detection limit 
Tens of ppb,  
depends on the element 
n/a 
 
A.3.2.3.1 Sample preparation 
 
Standard thin sections were used for in situ trace element and PGE determination of 
silicates and sulphides phases. Samples only need to fit the sample holder and must 
have a polished surface for better identification of phases during analysis.  
 
A.3.2.3.2 Instrument set-up and running procedures 
 
A similar system, set-up procedures and sample preparation as described in Hughes 
et al. (2015) (silicate minerals) and Prichard et al. (2013) (sulphide minerals) was used 
in the study. Samples were analysed at Cardiff University using the New Wave 
Research UP213 UV laser system in conjunction with a Thermo X7 Series ICP mass 
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spectrometer. A constant laser spot size of 40 µm was used throughout with variable 
laser line lengths. Laser lines lengths were a function of the mineral analysed (silicate 
or sulphide) and the size of the area of unaltered surface available for analysis. 
Samples were first analysed with EDS-SEM to image and quantify the sulphide, 
silicate and oxide phases before LA-ICP-MS. EDS analyses were additionally used to 
calibrate final Si and S concertation measured by LA-ICP-MS. An internal standard 
value for S (for sulphide minerals) or Si (for silicate minerals) was assumed for 
measurements before the calibration. Operating conditions of the ICP-MS and laser 
system used for each type of analysis is given in Table A.11.  
 
Table A.11: Operating conditions used in LA-ICP-MS, Cardiff University.  
 LA-ICP-MS 
 Silicate minerals Sulphide minerals 
Minerals analysed 
Plagioclase, olivine,  
ortho- and clinopyroxene 
Plagioclase inclusion in olivine 
and pyroxene 
BMS: single and poly/ composite 
Elements analysed Major, minor and traces PGE + traces 
 Laser parameters 
Wavelength (nm) 213 
Energy density (J.cm-2) ~5 
Carrier gas Helium 
Ablation style Line 
Ablation spot size (µm) 40-100 
Repetition rate (Hz) 10-20 
Pulse energy (mJ) 1-2 
Analyse for 
23Na,25Mg, 29Si, 39K, 44Ca, 47Ti, 
51V, 52Cr, 55Mn, 60Ni, 71Ga, 85Rb, 
88Sr, 89Y, 90Zr, 93Nb, 133Cs, 
137Ba,139La, 140Ce, 141Pr, 146Nd, 
147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 
165Ho, 166Er, 169Tm, 172Yb, 175Lu, 
178Hf, 181Ta, 208Pb, 232Th, 238U 
33S, 59Co, 61Ni, 65Cu, 66Zn, 75As, 
99Ru, 101Ru, 103Rh, 105Pd, 106Pd, 
121Sb, 125Te, 189Os, 193Ir, 195Pt, 
197Au, 209Bi 
Laser spot size (µm) 40 40 
Line length (µm) 300 spot 
Acquisition time (s) 90 90 
Gas blank (s) 15-20 15-20 
Analysing/ burn time (s) 40 40 
Wash-out time (s) 15-20 15-20 
Standards BCR2G, BHVO-2G, BIR-1G 
Cardiff in house sulphide 
standards, Memorial University: 
Po724T2 
 
A.3.2.3.3 Silicate mineral analysis 
 
Silicates were analysed to track the movement and concentration of trace elements 
in plagioclase, orthopyroxene, clinopyroxene and olivine. Silicate line profiles lengths 
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(horizontal profiles) of 300 µm with a 40 µm spot size were used in all silicate minerals. 
For highly altered phases and smaller plagioclase inclusions in olivine shorter lines of 
100 µm were analysed. The least altered minerals and areas within individual 
minerals were target as far possible. Size parameters were chosen based on similar 
studies on BV1 (Tanner et al., 2014). Silicate samples were measured for 40 s with a 
15 s gas blank. Measurement times, spot sizes and lengths were kept constant as far 
as possible for trace element comparison studies with the MZ (see Ashwal et al., 
2005; Roelofse, 2010; Tanner et al., 2014).   
 
A.3.2.3.4 Sulphide analysis 
 
Sulphide analyses were restricted by the size and distribution of the minerals; 
sulphides were fine grained (<500 µm), sparsely mineralised and broken-up, 
scattered and oxidised by fluids. Spots were analysed for 40 s with a 20 s gas blank. 
A beam size of 40 µm and a depth of ± 30 µm was used. Samples were prioritized 
based on PGE concentration and visible sulphides and oxide minerals.  
 
A.3.2.3.5 Data output and correction 
 
LA-ICP-MS data is acquired as profile lines of intensity (counts per second or cps) 
over time (length of laser line or burning time). Profile lines are corrected and an 
analysed area specified to eliminate or correct for alteration artefacts like cracks and 
surface alteration minerals (clays and micas). A mineral name is assigned to each 
spectra. Data is also corrected for background (measured during the gas blank), drift 
and for sulphides Cu-Ni argide interference on 99Ru, 103Rh and 105Pd (see Zhou et al., 
2001). Standards were measured every 3-4 hours to correct for drift in the final data 
corrections. A concentration for each element is calculated by taking the integral of 
the defined area below the curve (spectra profile); a predefined/specific isotope is 
used per element to determine relative abundance.  The concentration is calculated 
(corrected) as a function of the mineral type analysed. Data output is given as a 
concentration (ppm, wt.% or µg/g) of the line/point analysed or can be plotted as the 
change in relative concentration with time. These can be used to determine the 
change in mineral chemistry over a specified area (e.g. rim to core or zoning), or pick-
up possible micro-inclusions like PGM within a set phase.  
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Appendix B 
Formulas and Equations 
 
B.1: Chapters 5 - Lithology and petrology 
 
Mapping and depth calculations 
 
Depth of lithologies mapped on surface, to depth in VSF2 (Figure B1)..…equation 1 
 
𝒙 = 𝐝 𝐭𝐚𝐧 𝜽 (average dip of 21 was assumed) 
 
Where x= true depth of measured lithology below surface / TU as measured relative to VSF2 
borehole, d=surface outcrop distance from VSF2 (m) and θ = dip of the lithology 
 
 
Figure B1: Calculating the relative depth of surface samples relative in the VSF2 
borehole 
 
True thickness of lithology measured in drill core…………………….……. equation 2 
 
𝒄𝒐𝒔 (𝒅𝒊𝒑 𝒐𝒇 𝒐𝒓𝒆 𝒃𝒐𝒅𝒚) =
𝒄𝒂𝒍𝒄𝒖𝒕𝒆𝒅 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 
𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔
  
𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 = 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 𝒙 𝒄𝒐𝒔 (𝒅𝒊𝒑 𝒐𝒓𝒆 𝒃𝒐𝒅𝒚) 
Where the dip of the ore body (TU) = 18-25°, measured thickness = thickness measured in 
core in meters (mm), calculated= x meters (m), and calculated thickness (m) < measured 
thickness (m) 
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Depth of VSF2 and MO 1 in the BV1 and relative to the MZ-UZ boundary 
 
It was necessary to determine the relative depths of samples of the two boreholes in 
each other and to the MZ-UZ boundary (1575.80 m in BV1, Ashwal et al., 2005) to: 
1) compare similar lithologies and textures, 2) track changes or the lateral 
continuousness of marker horizons between the two holes, and 3) compare 
geochemistry and mineral chemistry of similar units between the the boreholes and 
with previous studies on the BV1 and MO1. The relative depth below the MZ-UZ 
boundary was used as a reference to calculate all samples to (MO1, field, VSF2 and 
BV1), to create a continuous log (e.g. lithology, petrology, whole rock and mineral 
chemistry, PGE enrichment or O- and S isotopes) from the Platreef and lower MZ 
(MO1: Roelofse, 2010; 2012) to the TU (VSF2: this study) and upper MZ and UZ 
(BV1: e.g. Barnes et al., 2004; Ashwal et al., 2005; Tanner et al., 2014). However, 
>250 m of stratigraphy is still missing between the MO1 and the last field samples.  
 
The VSF2 and BV1 boreholes were matched between a prominent peridotite 
horizon; this was used as zero point and samples were corrected relative to their 
position to it. Granitic intrusions of the BV1 borehole was removed to best match the 
two boreholes and samples were corrected relative to the thickness of granite 
removed above it. Every samples is thus unique and had to be corrected 
individually. The depth in VSF2, BV1 and relative to the MZ-UZ boundary is 
provided in all data sheets (see supplementary Appendixes).  
 
Measured and relative depths calculated are provided in all relevant datasheets. 
The following naming criteria was used: 
• VSF2_M: the measured depth in VSF2, as logged. 
• BV1_M: the measured depth in BV1, as logged (this study or data taken 
from Ahswal et al., 2005; Tanner et al., 2014). 
• MO1_M: depth measured in MO1, as logged (Roelofse 2010; 2012). 
• VSF2_C: calculated depth of field samples in the VSF2 borehole, see 
equation 1-2. 
• BV1_C: the relative depth of VSF2 and field samples in the BV1 without 
correcting for the granitic intrusions. 
• VSF2_GC: calculated depth of BV1 samples in the VSF2 borehole. BV1 
samples were corrected for granitic intrusions i.e. org BV1_M minus the 
granitic intrusions at the relevant depths.  
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• BV1_GC: calculated depth of VSF2 and field samples in the BV1 borehole. 
VSF2 + field samples were corrected for granitic intrusions i.e. org VSF2 
plus relevant granitic intrusion thickness at the relevant depths. 
• UZ-MZb: depth in the BV1 relative to the UZ–MZ boundary as defined by 
Ashwal et al. (2005). Samples were not corrected for granitic overprint (used 
BV1_M or C) to keep calculations consistent with previous studies (see for 
example Roelofse, 2010). 
 
The TU in BV1 had to be corrected for large granitic intrusions (>30 m). This was 
different for various parts of the TU in BV1 above and below the zero horizon in the 
BV1 (2809.10 m).  
 
Correction for granite in BV1……………………………………..……………equation 3 
 
𝒅𝟏 = 𝒅𝟎 − ∑ 𝒈𝟏 + 𝒈𝟐 +  𝒈𝒏 
 
Where d1 is the granite corrected depth, d0= depth as logged, g1,2,n… is the thickness of 
granite (m) between the zero point in BV1 and the samples that has to be corrected for 
 
Depth of VSF2 samples in BV1……………………………………..…………equation 4 
 
In the VSF2 borehole 88.20 m (TU3-TU4 boundary) was taken as the zero point and 
sample depth was calculated relative to it. This value was then added or subtracted 
from the ‘zero point’ in the BV1 (2809.10 m). The same was done for field samples. 
The depth was first determined in the VSF2 borehole and then recalculated.  
 
𝒅𝒇 = 𝟐𝟖𝟎𝟗. 𝟏𝟎 𝒎 + (𝒅𝟏 − 𝟖𝟖. 𝟐 𝒎)   
 
Where df is the calculated depth (m) in BV1, d1 is the depth (m) corrected for granite and 
2809.10 m the zero point in BV1 and 88.20 m in VSF2. The answer will be in meter (m).  
Interchange zero-point values to calculate the relative depth of BV1 in VSF2  
 
Depth of MO1 samples relative to or in the BV1 borehole………………….equation 5 
 
𝒅𝑩𝑽𝟏 = 𝒅𝑴𝑶𝟏 + 𝑩𝑽𝟏𝑻 + 𝒅𝒈𝒂𝒑 
𝒅𝑩𝑽𝟏 = 𝒅𝑴𝑶𝟏 + 𝟐𝟗𝟒𝟗. 𝟓𝟎 𝒎 + 𝟒𝟓𝟎 𝒎 
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Where dBV1= new depth calculated in BV1 (m), dMO1= the depth of the MO1 sample, BV1T = 
total depth of the BV1 borehole (2949.50 m) and dgap= 450 m the calculated gap between the 
EOH of BV1 and start of hole of MO1 borehole (see Ashwal et al., 2005).  
 
Depth of MO1, VSF2 and BV1 samples below the MZ-UZ boundary as defined in 
the BV1 borehole………………….………………………………………........equation 6 
 
𝑩𝑽𝟏 𝒂𝒏𝒅 𝑽𝑺𝑭𝟐: 𝒅𝒎𝒛−𝒖𝒛 = 𝟏𝟓𝟕𝟓. 𝟖𝟎 𝒎− 𝒅𝑩𝑽𝟏 
 
𝑴𝑶𝟏: 𝒅𝒎𝒛−𝒖𝒛 = 𝒙𝒄𝒂𝒍 + 𝒅𝒈𝒂𝒑 + 𝒅𝟎 
 
Where dmz-uz is the depth (m) relative to the boundary, xcal = depth of EOH_BV1 (24950.50) 
below the MZ-UZ boundary at 1575.80 m as defined by Ashwal et al., 2005 in BV1 
MO1_depth= 1863.7 m, dgap= 490 m is the stratigraphic gap between the EOH of BV1 and 
SOH of MO, this gap is given as 450 m in Ashwal et al., 2005. d0 = depth as logged in MO1 
dmz-uz will be negative for samples below the boundary and positive for horizons 
stratigraphically above it. 
 
CIPW-norm mineralogy calculations…………………………………….……equation 7 
 
A CIPW-norm spreadsheet/software program by H.R. Nasland (V1.9) was used to 
calculate the CIPWnorm (wt.% and vol.%) (mafic and ultramafic rocks), colour index 
and some chemical dominators. Norm was used as a proxy for probable minerals 
and their relative percentage. The CIPWn (vol.%) was merged with modal 
mineralogy and textural interpretations to classify rock types.  
 
The following assumption were made or applied to CIPWnorm calculations:   
1) CIPW-norm was used and cross checked with the Niggli norm. 2) A Fe2+:Fe3+ 
ratio of 0.05 was assumed for silicate rocks and 1.33 for magnetite samples (based 
on trial and error to get best results from the CIPWnorm program used). 3) Dry 
conditions were assumed in calculation (LOI was removed and data recalculated as 
anhydrous conditions). 4) Cr2O3 was not incorporated in analyses. 5) Elevated 
olivine (in the TU and MZ) calculated in the norm can be attributed to the presence 
of alteration minerals (including magnetite from the breakdown of olivine), 
phlogopite/ biotite, amphibole and BMS that is rich in Fe2+ and Fe3+. 6) Sulphur (and 
other volatile phases including Cl and CO2) was not analysed or incorporated into 
the norm calculations.  
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B.2: Chapter 6 – Silicate mineralogy 
 
Mineral formula calculation and stoichiometry from EDS-SEM………equation 8  
 
Excel software packages (SUERC) was used to calculate mineral formulas and 
stoichiometry. However, manual calculations were used to evaluate calculated 
results.  
 
Step 1: Determine anions and cations and silicate group, see Table B1. Keeping in 
mind possible substitutions within the cations (variety) and anions (Al, Si and Ti). 
Step 2: Correct for extra oxygen. 
Step 3: Calculate mole ratios of cations (from measured oxide wt.%). 
Step 4: Determine cation and anion proportions within same valence space. 
Step 5: Substitute cations and anions according to silicate structure. 
 
Table B1: Structures and subgroups of the silicate and spinel-group minerals and 
phases. Only mineral measured in this study is discussed.  
Silicate group Subgroups Formula Possible cation substitutes 
Feldspar 
Microcline  
Orthoclase 
KAlSi3O8 K, Na  
Plagioclase 
Albite NaAlSi3O8 Na, Ca 
Anorthite CaAlSi2O8 Ca, Na 
Neso silicates 
Olivine (XY)2SiO4 Fe, Mg, Ni 
Zircon XSiO4 Zr, Th, U 
Titanite / sphene XYSiO5 Ca, Ti 
Pyroxene 
Orthopyroxene (XY)SiO3 Mg, Fe, Mn 
Clinopyroxene (XY)2Si2O6 Ca, Mg, Fe, Al 
Amphibole  Ortho and clino A1B2C5Si8O22W2 K, Na, Ca, Fe, Mg, Al 
Spinel group - XY2O4 Mg, Fe, Ni, Mn, Pb, Zn, Al, Cr, Mn, Ti 
 
Major element ratios of silicate minerals as determined by quantitative ASEM 
 
Anorthosite number plagioclase (An#) (Deer et al., 1992)……..……..……equation 9 
 
𝑨𝒏# =  
𝑪𝒂
𝑪𝒂 + 𝑵𝒂 + 𝑲
𝒙 𝟏𝟎𝟎 
Calculate the An# without K; it is a binary system not ternary. Molar fractions were used in 
calculations, based on 8 oxygen stoichiometry (plagioclase).  
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Δ Anorthosite number plagioclase (An#)……………………………………equation 10 
 
The ΔAn# is calculated per individual plagioclase crystal, per sample and per 
plagioclase inclusion in olivine or pyroxene. This value can be used as relative 
indicator of zoning in a single crystal (or sample). The value is calculated by 
subtracting the minimum An# value (calculated), based on 8 oxygen stoichiometry, 
per crystal minus the maximum calculated An# value; the relative position of the 
EDS-SEM point / measurement within the crystal is not taken into account.  
 
∆𝑨𝒏# =  𝑨𝒏#𝒎𝒂𝒙 − 𝑨𝒏#𝒎𝒊𝒏 
 
An# is calculated using equation 9 and calculated without K. Molar fractions were used in 
calculations, based on 8 oxygen stoichiometry (plagioclase).  
 
Forsterite and Fayalite number olivine (Fo#) (Deer et al., 1992)………..equation 11 
 
𝑭𝒐𝒓𝒔𝒕𝒆𝒓𝒊𝒕𝒆: 𝑭𝒐# =  
𝑴𝒈
𝑴𝒈 + 𝑭𝒆
 𝒙 𝟏𝟎𝟎 
𝑭𝒂𝒚𝒂𝒍𝒊𝒕𝒆: 𝑭𝒂# =  
𝑭𝒆
𝑴𝒈 + 𝑭𝒆
 𝒙 𝟏𝟎𝟎 
 
For SEM analysis Fe (total) is given as FeO. Fe was calculated as atomic/ elemental Fe, and 
not corrected for FeO and Fe2O3 as Fe3+ is not incorporated into the olivine structure. Molar 
fractions were used in calculations, based on 4 oxygen stoichiometry (olivine).   
 
Pyroxene end-members (En - Wo) (Deer et al., 1992)…………..…...…...equation 12 
 
𝑬𝒏𝒔𝒕𝒂𝒕𝒊𝒕𝒆: 𝑬𝒏# =  
𝑴𝒈
𝑴𝒈 + 𝑭𝒆 ∗ + 𝑪𝒂
 𝒙 𝟏𝟎𝟎 
𝑭𝒆𝒓𝒓𝒐𝒔𝒊𝒍𝒊𝒕𝒆 (𝒉𝒚𝒑𝒆𝒓𝒔𝒕𝒉𝒆𝒏𝒆): 𝑭𝒔# =  
𝑭𝒆 ∗
𝑴𝒈 + 𝑭𝒆 ∗  + 𝑪𝒂
 𝒙 𝟏𝟎𝟎 
𝑾𝒐𝒍𝒍𝒂𝒔𝒕𝒐𝒏𝒊𝒕𝒆: 𝑾𝒐# =  
𝑪𝒂
𝑴𝒈 + 𝑭𝒆 ∗  + 𝑪𝒂
 𝒙 𝟏𝟎𝟎 
 
Where Fe*=Fe2++Fe3+ Mn2+; Mn was quantified and corrected for but concentrations are 
negligible and was not included in the calculations. Like olivine, pyroxenes were not 
corrected for Fe2+/Fe3+ ratio. Molar fractions were used in calculations, based on 6 oxygen 
stoichiometry (pyroxene).  
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Magnesium number (Mg#) (olivine and pyroxenes) (Rollinson, 1993).....equation 13 
 
𝑴𝒈# =  
𝑴𝒈
𝑴𝒈 + 𝑭𝒆
 𝒙 𝟏𝟎𝟎 
 
Molar values were used in calculations, based stoichiometry calculations of the individual 
minerals. Fe was not corrected for Fe2+ and Fe3+, FeO taken as total Fe. 
 
B.3: Chapter 7- Whole rock and PGE geochemistry  
 
LOI calculations (Lechler and Desilets, 1987)………...…………..……….equation 14 
 
𝑳𝑶𝑰% =  
(𝑩 − 𝑨) − (𝑫 − 𝑨)
(𝑩 − 𝑨)
 𝒙 𝟏𝟎𝟎% 
Where A= mass of empty crucible (g), B= sum of the mass of the crucible and wet sample 
added (g), C= mass of wet sample added (g) D= ignited sample mass (g) 
 
Correcting for hydrous component in whole-rock ICP-MS/OES…….….equation 15 
 
𝑭𝒂𝒄𝒕𝒐𝒓 =  
𝟏𝟎𝟎
𝑻𝒐𝒕𝒂𝒍 𝒂𝒏𝒉𝒚𝒅𝒓𝒐𝒖𝒔
 
𝑨𝒏𝒉𝒚𝒅𝒓𝒐𝒖𝒔 𝒏𝒐𝒓𝒎 = 𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒉𝒚𝒅𝒓𝒐𝒖𝒔 × 𝒇𝒂𝒄𝒕𝒐𝒓 
 
Where Total anhydrous = sum of raw data (major oxides) without LOI added and measured 
hydrous = major oxides (SiO2-P2O5) 
 
Whole-rock geochemistry accuracy, precision and standard deviation trends 
 
Standard deviation was used to calculate errors for whole-rock (ICP-MS/OES), 
mineral chemistry trace-element data (LA-ICP-MS), whole-rock (pXRF), major and 
minor elements (ASEM) and PGE assay data (ICP-MS/OES, EDS-SEM and LA-
ICP-MS).  
 
Accuracy…………...…………....……………………..………….………...…equation 16 
Accuracy was expressed as the percentage error (% error). Samples were 
compared to standard values to determine the deviation and overall accuracy of 
each analysis.  
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% 𝒆𝒓𝒓𝒐𝒓 =  
𝒄𝒆𝒓𝒕𝒊𝒇𝒊𝒆𝒅 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 − 𝒎𝒆𝒂𝒖𝒓𝒆𝒅 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
𝒄𝒆𝒓𝒕𝒊𝒇𝒊𝒆𝒅 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒍𝒆𝒎𝒆𝒏𝒕
 
 
Standards analysed per run is provided in the corresponding supplementary Appendix 
 
 
Precision……………….…………...…………………………..………...……equation 17 
 
Precision of the analysed data/ analysis can be expressed as the standard deviation 
(RSD) of multiple analyses between the internal and external standards.  
 
𝑥𝑎 =  
∑ 𝑥
𝑛
 
 
Where xa = average element concentration, x = element concentration (internal and external 
standards) and n= number of measurements 
 
 
Standard deviation (s)……………..………………………………….………equation 18 
 
The standard deviation is an expression of how much a specific sample or all the 
samples (population) in a group differs from the mean value of the group of samples 
analysed.  
 
For a single sample data set:  
𝒔 = √
𝟏
𝑵 − 𝟏
 ∑(𝒙𝒊 − 𝒙)𝟐
𝑵
𝒊=𝟏
   
 
N= number of values / samples, x= individual values, x̅ = mean 
 
The relative standard deviation (RSD)……………..…………….......……..equation 19 
 
𝑅𝑆𝐷(%)  =  
100𝑠
𝑥𝑎
 
 
Where s = standard deviation, single sample (equation 18) and xa = average element 
concentration calculated in equation 17 
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Whole rock Calcium number (Ca#) (adapted from Deer et al., 1992)..….equation 20 
 
𝑪𝒂# =  
𝑪𝒂
𝑪𝒂 + 𝟐𝑵𝒂
×  𝟏𝟎𝟎 
 
Whole rock Magnesium number (Mg#) (adapted from Rollinson, 1993)..equation 21 
 
𝑴𝒈# =  
𝑴𝒈
𝑴𝒈 + 𝑭𝒆𝑻
 × 𝟏𝟎𝟎 
 
The inverse of the Mg function is used to measure Fe enrichment / number 
 
Calculating Fetotal, FeO and Fe2O3 for whole rock ICP-MS/OES  
 
Fe is given as anhydrous Fe2O3. In this study a Fe2+:Fe3+ ratio of 0.05 was assumed 
and used throughout to calculate Fe2+ and Fe3+. This can be calculated hydrous or 
anhydrous. However, in this study ratios were calculated using anhydrous conditions 
as far possible.  
 
Convert Fe2O3 to 2FeO, and vice versa……….….…………......…………equation 22 
 
𝑭𝒂𝒄𝒕𝒐𝒓 =
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒂𝒓 𝒘𝒆𝒊𝒈𝒉𝒕 𝟐𝑭𝒆𝑶  
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒂𝒓 𝒘𝒆𝒊𝒈𝒉𝒕 𝑭𝒆𝟐𝑶𝟑
=  
𝟐𝑭𝒆𝑶
𝑭𝒆𝟐𝑶𝟑 
=  
𝟐 × (𝟓𝟓. 𝟖𝟒𝟓 + 𝟏𝟓. 𝟗𝟗𝟗)
(𝟐 × 𝟓𝟓. 𝟖𝟒) + (𝟑 × 𝟏𝟓. 𝟗𝟗𝟗)
=
𝟏𝟒𝟑. 𝟔𝟕
𝟏𝟓𝟗. 𝟔𝟔
= 𝟎. 𝟖𝟗𝟗𝟖 
𝑭𝒆𝑶𝑻 = 𝑭𝒆𝟐𝑶𝟑 (𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅) × 𝟎. 𝟖𝟗𝟗𝟖  
𝑭𝒆𝟐𝑶𝟑𝑻 = 𝑭𝒆𝑶𝒆𝒔𝒕 (𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅) × 𝟏. 𝟏𝟏 
 
Where Fe=55.845 and O=15.999, take the inverse function to determine Fe2O3  
 
FeOest…………..……………………………….……………………………....equation 23 
 
𝑭𝒆𝑶𝒆𝒔𝒕 = 𝟎. 𝟗𝟓 ×  𝑭𝒆𝑶𝑻  
 
Assume a ratio of 0.95 and 0.05 (a ratio of 0.9 and 0.1 is the convention), Fe2+ and Fe3+ 
 
Fe2O3est………………………………...…….……………...………………....equation 24 
 
𝑭𝒆𝟐𝑶𝟑𝒆𝒔𝒕 = (𝑭𝒆𝑶𝑻 − 𝑭𝒆𝑶𝒆𝒔𝒕)  × 𝟏. 𝟏𝟏 
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PGE enrichment ratios and trends in whole rock and BMS 
 
Whole rock (and BMS) PGE ratios…………….……………………..……..equation 25 
 
𝑰𝑷𝑮𝑬: 𝑷𝑷𝑮𝑬 =  
𝑶𝒔 + 𝑰𝒓 + 𝑹𝒖
𝑹𝒉 +  𝑷𝒅 + 𝑷𝒕
 
 
Take the inverse function for the PPGE:IPGE ratio 
Use similar methods to calculate the abundance of PGE to each other e.g. Pd:Pt, Pd:Ir 
 
B.4: Chapter 8- Silicate geochemistry  
 
Trace element enrichment ratios in silicate minerals measured by LA-ICP-MS 
 
Europium anomaly (Eu*) (Lodders, 2003)…………………….……..……..equation 26 
 
Measure or quantify the Eu anomaly by comparing the measured Eu (EuN) with the 
expected Eu concentration (Eu*). Eu* is based on the normalised measured values 
of Sm and Gd. Normalise against chondrite (CI) (or primitive mantle), preferably use 
Anders and Grevesse (1989). Lodders (2003) was used throughout this study.  
 
𝑬𝒖
𝑬𝒖 ∗
 =  
𝑬𝒖𝑵
𝑺𝒎𝑵 + 𝑮𝒅𝑵
𝟐⁄
 
 
Where EuN = the normalised measured Eu concentration, Eu*= the expected concentration, 
subscript N = a normalised value; EuN/Eu* >1 positive and if EuN/Eu* < 1 negative anomaly 
 
B.5: Chapter 9 – Non-silicate mineralogy and mineral 
chemistry 
 
Mineral formula calculation and stoichiometry from EDS-SEM  
 
Similar methods and calculation was followed for sulphide and silicate minerals as 
described in Deer et al. (1992).  
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Mineral formula sulphides, alloys, oxide and PGM…….……………….....equation 27 
 
Method 1: atomic % or atomic fraction 
 
𝒄𝒂𝒕𝒊𝒐𝒏 (𝑿): 𝒂𝒏𝒊𝒐𝒏 (𝒀) 𝒓𝒂𝒕𝒊𝒐 
Where X= cation (metal, metalloid or non-metal) in at.% and X can be expressed as X= x1 + 
x2 + xi…. 
Y= anion (metal, metalloid or non-metal) in at.% 
 
 
Method 2: weight % convert to mole ratio 
 
𝒄𝒂𝒕𝒊𝒐𝒏 (𝑿): 𝒂𝒏𝒊𝒐𝒏 (𝒀) 𝒓𝒂𝒕𝒊𝒐 
𝑿 (𝒎𝒐𝒍𝒆𝒔) =  
𝑿𝒎 (𝒈)
𝒙 (𝒈/𝒎𝒐𝒍𝒆)
  and 𝒀 (𝒎𝒐𝒍𝒆𝒔) =  
𝒀𝒎 (𝒈)
𝒀𝒊 (𝒈/𝒎𝒐𝒍𝒆)
 
𝑿 =  
𝑿
𝑿+𝒀
  and 𝒀 =  
𝒀
𝑿+𝒀
 
 
Where X= cation (metal, metalloid or non-metal) in wt.% and x = atomic weight of X (g/mole) 
X can be expressed as X= x1 + x2 + xi…. 
Y= anion (metal, metalloid or non-metal) in wt.% 
Mineral formula BMS and oxide minerals……………….………...………..equation 28 
 
Non-silicate mineral compositions (see Table B.2) were calculated using the relative 
ratios of the measured concentrations of the elements (at.%) to each other. The 
background was removed where needed and the individual spectra was checked 
against known spectra to identify the possible mineral and to filter out overlapping 
peaks (e.g. Zr and Pt). Similar methods were followed as described for PGM 
calculation and identification (see section B4).   
 
Table B.2: Structures and subgroups of the sulphide (BMS) and oxide group minerals 
and phases.  
Mineral 
group 
Mineral Formula Examples or varieties Substitutions 
BMS 
Ni-dominant 
pentlandite,  
millerite, heazlewoodite 
Co, Cu, Fe, Mn, 
V, Ti, Zn, Pb 
Fe- dominant 
Pyrrhotite. Pyrite, 
chalcopyrite 
Cu- dominant Bornite, chalcocite, covelite 
Cu-Zn-Pb dominant Sphalerite, galena 
Oxides  
Magnetite Fe3O4 (Chromo)-magnetite V, Ti 
Ilmenite FeTiO3 - V, Al, Cr 
Baddeleyite ZrO2 - Th, U 
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B.6: Chapter 10 – PGE mineralisation 
 
Platinum-group minerals: mineral formula, area and relative percentages  
 
PGM mineral formula and stoichiometry…….………………………..…….equation 29 
 
PGM minerals were determined by EDS-SEM. However, the EDS data is only semi-
quantitative and measured against internal standards only. Mineral formulas, 
identification and stoichiometry was calculated using atomic% or atomic fractions. 
The relative fractions / ratios were used to identify the PGM, give a family name and 
stoichiometry. The wt.% was used to distinguish between similar PGM or PGM in 
solid solution or uncertainty, based on microprobe analyses by Cabri (2002). 
However, only wt.% ratios can be used for calculations by matching EDS-SEM with 
microprobe (Cabri, 2002) data. The wt.% method was useful the determine if there 
were oxygen or OH PGM phases, which is important for paragenesis and formation 
models.  
 
The following steps were followed in determining / calculating the PGM.  
 
Method 1: atomic % (at.%) or fraction 
Step 1: Use normalised or non-normalised atomic% (irrelevant, only need fractions,
 ratios will stay the same) or atomic fractions. 
Step 2: Identify PGM elements and background phase (and/ host). Additional
 measurement were taken of the background phase/s to double check the
 chemistry and possible traces elements associated with each phase (PGM
 and host/ background). This step was always done irrelevant of the size of
 the PGM. If collected as at.% there should be minimum background / host
 interference, again this depends on the size of the PGM and the beam.  
Step 3: Re-calculate and normalise the PGE and associated trace elements that
 make out the PGM to 100% or keep as fractions.  
Step 4: Use the fractions to determine the mole ratio of the elements relative to
 each other. Use the mole ratio to match to known PGM or unidentified PGE
 phase. 
Step 5: Assign a formula with ratios or percentages. 
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Step 6: Not all measured phases could be assigned a mineral name. These were
 grouped under an umbrella term / family name or association. These were
 either known unidentified phases or possible new phases. 
Step 7: Calculated PGMs were split into type, association (primary, secondary,
 hydrothermal) and temperature window based on chemistry and association
 with textures and host phase.  
 
Method 2: weight % (wt.%)  
Step 1: Treat EDS-SEM data like it was collected by microprobe.  
Step 2: Follow step 2 and 3 above. Rework to 100% wt.%.  
Step 3: Determine the stoichiometry. Check or match corrected wt.% with known
 microprobe analysis (see Cabri, 2002 or MINDAT or WEB Mineral). 
Step 4: Or an alternative method would be to calculate the mole of the corrected
 wt.% to determine the stoichiometry.  
Step 5: Follow steps 5-7 of method 1.  
 
PGM area calculation from measured diameters as determined by SEM 
 
Area of individual PGM grains, as an ellipse (Holwell et al., 2006)………equation 30 
 
𝑨𝒓𝒆𝒂 =
𝟏
𝟐
 𝝅 × 𝒂 × 𝒃 
 
Where a= diameter of the short axis (µm or nm), b= diameter of the long axis (µm or nm) 
(Figure B2). The area will be given in nm2 or µm2 depending on the unit used in the equation  
 
 
Figure B2: Area of PGM grains expressed as an ellipsoid used in area calculations.  
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Area was also automatically calculated by Aztec Software (ASEM) used in 
automated mapping of PGMs with ASEM.  
 
Calculate the relative percentage of a PGM as function of X…....……….equation 31 
 
Calculate the relative % of PGMs (using either number of grains or area of grain), in 
a sample or sample suite, as a function of PGM type, number, area, texture, or 
lithology etc.  
𝑹𝒆𝒍. % =  
𝒙𝒊
𝒙𝒊 + 𝒙𝒊𝒊 + 𝒙𝒊𝒊𝒊 …
× 𝟏𝟎𝟎 
 
Where x is the variable being calculated (area, type, lithology) and i, ii, iii… is the number of 
variables. x can be calculated by either using the area or number of of the PGM grain/s  
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Appendix C 
Chapter 5: The lithology and petrology of the 
TU and Main Zone 
 
C.1 The MO1 and BV1 boreholes 
 
C.1.1 The Moordkopje borehole 
 
The Moordkopje borehole (MO1) covers >1500 m of floor granite (<50 m), Platreef 
(<200 m), Lower MZ (~1300 m) stratigraphy (Roelofse, 2010). The MO1 was drilled 
in the late 1970’s by Johannesburg Consolidated Mining (now Anglo American 
Platinum Ltd.), as part of an exploration program on the Platreef (Roelofse, 2010). 
The MO1 borehole is located roughly 11.30 km from the BV1 borehole, at a bearing 
of 103º, on the farm Moodkopje (813 LR) (23.9490°S, 28.86426°E). The original MO1 
borehole lithological log from Anglo American can be found in the supplementary 
material of Roelofse (2010).  
 
C.1.2 The Bellevue borehole 
 
The Bellevue borehole (BV1), the only other known borehole that intercept the TU 
was drilled in 1991 as part of a collaborative study to collect continuous core samples 
through the northern limb succession (Knoper and Von Gruenewaldt, 1996). It is still 
the single most continuous log available on the stratigraphy of the northern limb. The 
2950 m BV1 core consists of Bushveld Granite, ~1560 m UZ, ~1200 m MZ and ~140 
m of TU (calculated from Ashwal et al., 2005). Unfortunately, the BV1 has limited TU 
exposure as it only covers ~140 m of the TU (2802 – 2950 m), based on lithological 
boundaries stipulated by Knoper and Von Gruenewaldt (1996). However, ~30 m of 
the 140 m comprises of felsic dykes that crosscut the mafic rocks, the TU ends 
abruptly, just below a large shear fault.  
 
Limited analytical work has been done on the TU in the BV1 (Barnes et al., 2004; 
Knoper and Von Gruenewaldt, 1996; Ashwal et al., 2005, Tanner et al., 2014). A study 
on the lithology, petrology, mineralogy, whole rock and trace element geochemistry 
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as well as PGE enrichment and mineralisation of the TU in the BV1 borehole is yet to 
be undertaken.  
 
C.2 Classification and nomenclature of rock types  
 
A variety of lithologies with a scope of primary and secondary textures are present in 
the VSF2 and BV1 cores. Rock types consists of anorthosite, troctolite, (olv)gabbro, 
(olv)norite, (olv)gabbronorite, pyroxenite and peridotites with lesser leucocratic (and 
mixtures) lithologies and xenoliths. The most prominent feature of the TU, in both the 
VSF2 and BV1 boreholes, is the mottled nature of lithologies. Other prominent 
textures included pegmatoidal horizons, replacement and recrystallisation features.  
 
Sepentinisation and intense alteration of plagioclase made it difficult to distinguish 
between pyroxene and olivine and to estimate the relative proportions. Lithologies 
with more than 10% pyroxene was reclassified as melano olivine-gabbronorite or 
gabbo-norite depending on the pyroxene content and texture. Lithologies were named 
for their rock type coupled with their most prominent feature (mineral or grain size) or 
texture or colour indicator. To keep description of rock types and textures consistent 
between boreholes and field samples the system given in Table C.1 was used.  
 
Table C.1: Nomenclature and classification of rock types used in VSF2, BV1 and field 
samples. Standard mineral abbreviations were used throughout, see Mineral 
abbreviation and Glossary.   
Name Notation Description in hand sample Mineralogy 
Anorthosite An 
Cumulate with or without mottles 
White to light green to grey colour 
>90% plag 
<10% olv or pyx 
Troctolite TROC 
‘Cumulate’ with or without mottles 
Can have lens like mottles of norite 
White to light green 
Mottled, spotty or striped/ banded 
<90% plag 
>10% olv 
<10% px 
Gabbro G 
Cumulate, devoid of olivine (< 10%) 
Fine to medium grained. Glassy grey (leuco to 
meso) in core with black olivine and 
clinopyroxene 
<90% plag 
cpx> opx 
<10% olv 
Olivine-gabbro OLG 
Similar textures and colours to gabbro but with 
prominent olivine 
<90% plag 
cpx> opx 
>10% olv 
Norite N 
Various 
Cumulate with a variety of grain sizes and 
plag:opx ratio (leuco to melano) 
Opx are dark brown-bronze in core 
<90% plag 
Opx>cpx 
<10% olv 
Olivine norite OLN 
Troctolite with excess pyroxene. Pyroxenes 
are found as mottles (various) or phenocrysts 
<90% plag 
Opx>cpx 
<10% olv 
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Table C.1 cont.: Nomenclature and classification of rock types used in VSF2, BV1 and 
field samples. Standard mineral abbreviations were used throughout, see Mineral 
abbreviation and Glossary.   
Name Notation Description in hand sample Mineralogy 
Gabbronorite GN 
Various (leuco to melano) 
Continuum between norite and gabbro with 
similar textures and range in ratios and grain 
size, can have <10% olv 
<90% plag 
>10% opx + cpx 
Olivine-
gabbronorite 
OLGN 
Cumulate and/or mottled 
Ultramafic lithologies with considerable 
plagioclase (>10 modal%) are reclassified as 
OLGN 
<90% plag 
>10% opx + cpx 
>10% olv 
Pyroxenite PYX 
Highly serpentinised, black or dark green in 
core 
<10% plag 
>50% pyx  
<50% olv 
Peridotite PER Highly serpentinised, black in core 
<10% plag 
>50% olv 
<50% pyx 
Felsic FELSIC 
Granitic textures and mineralogy but with large 
ilmenite and amphiboles + myrmikite 
White, range of grain sizes up to very coarse 
and pegmatoidal  
Plag+flds>qtz 
Granite/ granitic GRANITE 
Medium to very coarse, granitic textures 
Sharp (reaction) boundaries with surrounding 
lithology 
Plag-flds-qrtz-
amph±mag 
Xenolith XENO 
Massive to varied with interaction / reaction 
zones/ halos 
Calc-silicates 
Meta-sediments 
Other features and textures 
Mottle m 
Several different types/ generations including 
patchy, spotted and lenses 
Mottles of 
opx>cpx>olv 
Replacement, 
reaction and 
recrystallisation 
 
Replacement is strongly associated with 
amphibole or amphibolization 
Various 
amphibole, plag 
zoning, ilmenite 
Banded/ 
foliated/ striped 
 Banded or layered appearance in core Olv or plag 
Pegmatitic PEG 
Grain sizes > 20 mm in diameter, sometimes 
with replacement features 
varied 
Quartz vein QRTZ-V Secondary veins  Qrtz, plag, flds 
Calcite vein CALC-V 
Thin single or parallel, and sometimes 
crosscutting secondary veins  
calcite 
Serpentinite 
veins 
SERP-V 
Thin veins cross cutting other veins or each 
other. Found along joints with serpentinite and 
±slickensides 
Serpentinite 
and other low 
temperature 
alteration 
minerals 
Plagioclase 
vein 
PLAG-V 
Features of less than 1 cm in thickness, 
usually have sharp or reaction contacts 
Not a common feature 
plag 
Colour index: 
Leuco 
Melano 
 
L 
M 
Extra description given to lithologies based on 
mafic minerals (olv + px) 
 
L<35% mafic 
M>65% mafic 
 
 
358 
 
C.3 Sample list: field samples  
 
Table C2: Sample list of Field samples (MZ, TU, UZ, granite, felsic and xenoliths) used 
in this study. Field samples were obtained from the field farm Vogelstruisfontein. 
  STRAT 
Coordinates, WGS84 
Distance 
(m) 
Depth 
(m) 
Depth 
(m) 
Depth 
(m) 
Sample 
Lithology 
LAT (Y) LONG (X) from VSF2 VSF2 BV1_GC UZ-MZb CIPW 
  Upper Zone 
BK082 UZ nd nd nd nd nd nd outcrop magnetite 
  Troctolite Unit 
BK081 TU     nd float nd nd float TROC 
BK073 TU2/TU3 -23.82861 28.840556 565.83 217.20 2964.80 -1363.10 outcrop AN 
BK074 TU2/TU3 -23.82861 28.840556 565.83 217.20 2964.80 -1363.10 outcrop 
olv-rich 
AN/ troc 
BK075 TU2/TU3 -23.82861 28.840556 565.83 217.20 2964.80 -1363.10 outcrop AN 
BK018 TU2/TU3 -23.82667 28.840833 590 226.48 2974.08 -1372.38 float TROC 
BK019 TU2/TU3 -23.82667 28.840833 590 226.48 2974.08 -1372.38 float AN 
BK076 TU nd nd nd nd nd nd outcrop 
AN with 
pyx 
BK078A TU nd nd nd nd nd nd outcrop AN 
BK079 TU nd nd nd float nd nd float magnetite 
  Main Zone 
BK015 MZ -23.84028 28.845 1016.68 390.27 3137.87 -1536.17 outcrop GN 
BK016 MZ -23.84028 28.845 1016.68 390.27 3137.87 -1536.17 outcrop GN 
BK071_A MZ -23.84028 28.845 1016.68 390.27 3137.87 -1536.17 outcrop GN 
BK014 MZ -23.84083 28.845556 1072.4 411.66 3159.26 -1557.56 outcrop GN 
BK013 MZ -23.84083 28.845556 1073.4 412.04 3159.64 -1557.94 outcrop An 
BK070 MZ -23.84083 28.845556 1073.4 412.04 3159.64 -1557.94 outcrop GN 
BK072 MZ -23.84111 28.845833 1101.488 422.82 3170.42 -1568.72 outcrop GN 
BK069 MZ -23.84111 28.845833 1102.488 423.21 3170.81 -1569.11 outcrop GN 
BK027A MZ -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 outcrop gabbro 
BK027C MZ -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 outcrop gabbro 
BK041 MZ -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 outcrop GN 
BK043 MZ -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 float gabbro 
BK063 MZ -23.84333 28.846111 1130.1 433.80 3181.40 -1579.70 outcrop GN 
BK066 MZ -23.84111 28.846389 1157.76 444.42 3192.02 -1590.32 float gabbro 
BK068 MZ -23.84111 28.846389 1157.76 444.42 3192.02 -1590.32 outcrop GN 
BK038 MZ -23.84083 28.847778 1160.67 445.54 3193.14 -1591.44 float An 
BK039 MZ -23.84083 28.847778 1160.67 445.54 3193.14 -1591.44 outcrop GN 
BK008 MZ -23.84139 28.847222 1245 477.91 3225.51 -1623.81 float An 
BK046 MZ -23.84139 28.847222 1245.02 477.92 3225.52 -1623.82 outcrop norite 
BK052 MZ -23.84139 28.847222 1250.02 479.84 3227.54 -1625.84 float GN 
BK007 MZ -23.84139 28.847222 1255.02 481.76 3229.36 -1627.66 float An 
BK033 MZ -23.84139 28.847222 1255.02 481.76 3229.36 -1627.66 float An 
BK034 MZ -23.84139 28.847222 1255.02 481.76 3229.36 -1627.66 float GN 
BK035 MZ -23.84139 28.847222 1255.02 481.76 3229.36 -1627.66 float GN 
BK060 MZ -23.84139 28.847222 1255.02 481.76 3229.36 -1627.66 float GN 
BK065 MZ -23.84083 28.848056 1300.29 499.13 3246.73 -1645.03 float GN 
BK037 MZ -23.84139 28.847778 1300.29 499.13 3246.73 -1645.03 outcrop norite 
BK009 MZ -23.84139 28.847778 1300.29 499.13 3246.73 -1645.03 outcrop GN 
BK061A MZ -23.84167 28.847778 1301.74 499.69 3247.29 -1645.59 float ol gabbro 
BK061B MZ -23.84167 28.847778 1301.74 499.69 3247.29 -1645.59 float GN 
BK062 MZ -23.84167 28.848056 1327.92 509.74 3257.34 -1655.64 outcrop GN 
BK064 MZ -23.84111 28.848056 1327.93 509.74 3257.34 -1655.64 outcrop GN 
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Table C2 cont.: Sample list of Field samples (MZ, TU, UZ, granite, felsic and xenoliths) 
used in this study. Field samples were obtained from the field farm Vogelstruisfontein. 
  STRAT 
Coordinates, WGS84 
Distance 
(m) 
Depth 
(m) 
Depth 
(m) 
Depth 
(m) 
Sample 
Lithology 
LAT (Y) LONG (X) from VSF2 VSF2 BV1_GC UZ-MZb CIPW 
  Main Zone_no depth 
BK026 MZ nd nd nd nd nd nd float gabbro 
BK028A MZ nd nd nd nd nd nd outcrop gabbro 
BK028B MZ nd nd nd nd nd nd outcrop An 
BK029 MZ nd nd nd nd nd nd float gabbro 
BK044 MZ nd nd nd nd nd nd outcrop An 
BK045 MZ nd nd nd nd nd nd outcrop norite 
BK047 MZ nd nd nd nd nd nd outcrop An / N 
BK048 MZ nd nd nd nd nd nd outcrop AN / N 
BK049 MZ nd nd nd nd nd nd float GN 
BK050 MZ nd nd nd nd nd nd outcrop An 
BK051 MZ nd nd nd nd nd nd outcrop An 
BK054 MZ nd nd nd nd nd nd float GN 
BK055 MZ nd nd nd nd nd nd float GN 
BK056B MZ nd nd nd nd nd nd outcrop GN 
BK057 MZ nd nd nd nd nd nd outcrop An 
BK058 MZ nd nd nd nd nd nd outcrop gabbro 
BK059A MZ nd nd nd nd nd nd float norite 
BK059B MZ nd nd nd nd nd nd float GN 
BK077 MZ nd nd nd nd nd nd outcrop GN 
  Felsic + granitic features 
BK071C uncertain -23.84028 28.845 1016.68 390.27 3137.87 -1536.17 outcrop 
felsic 
intrusion 
BK005 uncertain -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 outcrop 
granite 
dyke 
BK021 uncertain -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 outcrop 
granite 
dyke 
BK025 uncertain -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 float 
fine 
granite 
vein 
BK017 uncertain -23.84111 28.846389 1157.76 444.42 3192.02 -1590.32 float 
granitic 
veins 
BK023 uncertain -23.84111 28.846389 1157.76 444.42 3192.02 -1590.32 float 
Lebowa / 
Rashoop 
BK002 uncertain -23.83056 28.846389 1165.12 447.25 3194.85 -1593.15 float 
granitic 
veins 
BK010 uncertain -23.84167 28.848056 1327.92 509.74 3257.34 -1655.64 outcrop 
granitic 
veins 
BK022 uncertain nd nd nd nd nd nd float 
granitic 
vein 
BK020 uncertain nd nd nd nd nd nd float 
granite 
dyke 
BK056A uncertain nd nd nd nd nd nd outcrop 
felsic 
intrusion 
BK080 uncertain nd nd nd nd nd nd outcrop 
felsic 
dyke/ intr 
  Xenoliths 
BK012 MZ -23.84083 28.845556 1072.4 411.66 3159.26 -1557.56 float 
calc-
silicate 
BK042 MZ -23.84611 28.848056 1124.25 431.56 3179.16 -1577.46 float GN? 
BK067 MZ -23.84111 28.846389 1157.76 444.42 3192.02 -1590.32 float GN xeno 
BK004 MZ -23.83056 28.846389 1165.12 447.25 3194.85 -1593.15 float meta sed 
BK036 MZ -23.84139 28.847778 1300.29 499.13 3246.73 -1645.03 float 
calc-
silicate 
BK024 MZ nd nd nd nd nd nd float chert 
BK040 MZ nd nd nd nd nd nd float 
troctolitic 
xeno 
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C.4 Sample list: VSF2 samples  
 
Table C3: Sample list of VSF2 (TU) samples used in this study. 
  
Depth (m) Depth (m) Depth (m) Depth (m) Subunit Lith 
Core 
(cm) 
Reason sampled VSF2_M BV1_C BV1_GC UZ-MZb TU CIPWn length 
FT1001 8.07 2730 2728 -1154 TU4 GN 8.5 
Highly weathered and 
altered GN 
FT1002 15.5 2737.2 2735.16 -1161.4 TU4 olGN 9.5 
Mod weathered and 
altered GN 
FT1003 27.95 2749.65 2747.61 -1173.85 TU4 GN 13 
Mod weathered and 
altered GN 
FT1006 36.84 2758.54 2756.5 -1182.74 TU4 N 10 OLGN 
FT1008 39.87 2761.57 2759.53 -1185.77 TU4 N 7.5 
cont. sample between 2 
faults 
FT1010 44.55 2766.25 2764.21 -1190.45 TU4 GN 10 cont. ol rich leuco-norite 
FT1011 52.59 2774.29 2772.25 -1198.49 TU4 N 23 
cont. OLN, with joint in 
middle 
FT1012 55 2776.7 2774.66 -1200.9 TU4 olGN 10 ol reappears 
FT1014 57.84 2779.54 2777.5 -1203.74 TU4 XENO 10 calc-silicate 
FT1017 61.44 2783.14 2781.1 -1207.34 TU4 olGN 15 veins in LN 
FT1019 65.94 2787.64 2785.6 -1211.84 TU4 olGN 10 LN 
FT1023 69.23 2790.93 2788.89 -1215.13 TU4 N 25 LN above joints 
FT1026 77.15 2798.85 2796.81 -1223.05 TU4 N 10 GN with sec veins 
JD1 80.35 2802.05 2800.01 -1226.25 TU4 olGN JD troc/ olN 
FT1029 81.55 2803.25 2801.21 -1227.45 TU4 N 10.5 GN 
FT1030 82.44 2804.45 2802.41 -1228.65 TU4 contact 10 contact GN-AN 
JD33 82.82 2804.52 2803.73 -1228.72 TU4 An 10 mottled An 
FT1031 83.52 2805.22 2804.43 -1229.42 TU4 N 2x 7 mottled An 
JD30 84.78 2806.48 2805.69 -1230.68 TU4 An  10 mottled An 
JD35 85.9 2807.6 2806.81 -1231.8 TU4 olN 9.5 OLMGN 
FT4201 86.11 2807.82 2807.03 -1232.02 TU4 olN 14 An+OPX 
FT1034 86.34 2808.04 2807.25 -1232.24 TU4 UM 9 OPX with joints 
JD2 86.7 2808.4 2807.61 -1232.6 TU4 UM JD pyroxenite 
FT1035 86.91 2808.61 2807.82 -1232.81 TU4 UM 10 pyr/harz 
FT1036 87.25 2808.95 2808.16 -1233.15 TU4 UM 10 pyr/harz 
JD36 87.5 2809.2 2808.41 -1233.4 TU4 UM 10 harzburgite 
JD03B 88.14 2809.84 2809.05 -1234.04 TU4 UM 10 harzburgite 
JD3_J 88.19 2809.89 2809.1 -1234.09 TU4 olN+UM JD contact TU3-4 
FT1038 89.05 2810.75 2810.75 -1234.95 TU3 olN 9.5 visible BMS 
FT4202 89.195 2810.895 2810.895 -1235.095 TU3 olGN 10 OLGN, pos BMS 
FT4203_I 90.53 2812.23 2812.23 -1236.43 TU3 troc 
45 
pegmatoidal TROC, BMS 
FT4203_II 90.61 2812.31 2812.31 -1236.51 TU3 troc pegmatoidal TROC, BMS 
FT4203_III 90.775 2812.475 2812.475 -1236.675 TU3 troc pegmatoidal TROC, BMS 
FT1039 91.38 2813.08 2813.08 -1237.28 TU3 olGN 10 mas TROC 
FT1040 94.2 2815.9 2815.9 -1240.1 TU3 olGN 10 troc with joints 
FT1041 97.5 2819.2 2819.2 -1243.4 TU3 olN 10 continuous sample troc 
FT1042 100.32 2822.02 2822.02 -1246.22 TU3 olGN 10 
continuous sample in 
mas troc 
FT1044 104.73 2826.43 2827.63 -1250.63 TU3 olN 9.5 troc 
JD37 109.3 2831 2832.2 -1255.2 TU3 olN 10 middle of massive troc 
FT1046 113.89 2835.59 2836.79 -1259.79 TU3 olN 12 troctolite above vein 
FT1047 114.56 2836.26 2837.46 -1260.46 TU3 olN 3x 5 joint in troctolite 
JD28 119.54 2841.25 2842.45 -1265.45 TU3 olN 11 serpentinite 
JD38_B 119.73 2842.51 2843.71 -1266.71 TU3 UM 78 xenolith+ contacts 
JD4 119.89 2841.59 2842.79 -1265.79 TU3 G JD motl An 
FT4204 120.4 2842.05 2843.25 -1266.25 TU3 An 13 motl An/ troc 
FT1052 126.86 2848.56 2849.76 -1272.76 TU3 olGN 3; 7 
serpentinised troc with 
veins 
FT1054 128.64 2850.34 2851.54 -1274.54 TU3 olN 12 continious sample in troc 
FT1057 130.72 2852.42 2853.62 -1276.62 TU3 An 9.5 
oic in An, layering, fluid 
veins 
FT1061 133.49 2855.19 2856.39 -1279.39 TU3 olN 9.2 
comp sample in plag rich 
troc 
JD5 136.05 2857.75 2858.95 -1281.95 TU3 troc JD Middle of massive troc 
FT1065 142 2863.7 2879.51 -1287.9 TU3 olN 10 MOLGN 
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Table C3 cont.: Sample list of VSF2 (TU) samples used in this study. 
  
Depth (m) Depth (m) Depth (m) Depth (m) Subunit Lith 
Core 
(cm) 
Reason sampled VSF2_M BV1_C BV1_GC UZ-MZb TU CIPWn length 
JD34A 142.8 2864.51 2880.32 -1288.71 TU3 olN 10 MOTTLES 
JD34B 142.82 2864.57 2880.38 -1288.77 TU3 troc 10 MOTTLES 
JD26 143.3 2865 2880.81 -1289.2 TU3 olGN 10 opx rich troc 
FT1068 147.18 2868.88 2884.69 -1293.08 TU3 olN 10.5 plag rich troc 
FT1069 149.00 2870.7 2886.51 -1294.9 TU3 N 12 contact Troc-GN 
FT1073 152.78 2874.48 2890.29 -1298.68 TU3 G 10 GN with veins 
FT1076 157.98 2879.68 2896.24 -1303.88 TU3 olN 8 leaching in GN 
JD39 159.4 2881.1 2897.66 -1305.3 TU3 bio troc 10 biotite-qrtz rich troc  
JD6 159.8 2881.5 2898.06 -1305.7 TU3 troc JD G in troc 
FT1081 161.61 2883.31 2899.87 -1307.51 TU3 olN 9.5 veins in troc 
FT1083 163.06 2884.76 2901.32 -1308.96 TU3 GN 10 troc 
FT1086 168.52 2890.22 2916.12 -1314.42 TU3 olN 9.5 troc with serp veins 
FT1088 174.1 2895.8 2921.7 -1320 TU3 olGN 10 troc on joints 
FT1089 178.56 2900.26 2926.16 -1324.46 TU3 olN 9.5 troc 
FT1091 185.64 2907.34 2933.24 -1331.54 TU3 olN 10 troc 
FT1093 189 2910.7 2936.6 -1334.9 TU3 olGN 
8.5 + 
1.5 
troc grading to larger 
crystals 
FT1096 197.34 2919.04 2944.94 -1343.24 TU3 olN 9.5 highly serp 
FT1101 198.58 2920.28 2946.18 -1344.48 TU3 N 17 troc 
JD7 204.55 2926.25 2952.15 -1350.45 TU3 troc JD troc 
JD29 205.31 2927.01 2952.91 -1351.21 TU3 troc 10 An into HARZ? 
JD8 205.46 2927.16 2953.06 -1351.36 TU3 olG JD sampled by JD 
JD9 205.61 2927.31 2953.21 -1351.51 TU3 troc JD sampled by JD 
FT1107 210.5 2932.2 2958.1 -1356.4 TU3 troc 10 Troc with veins,s erp 
JD10 215.65 2937.35 2963.25 -1361.55 TU3 troc JD pyx-rich troc 
JD31 218.22 2939.92 2965.82 -1364.12 TU3 olGN 8 harz? 
JD12 219.5 2941.2 2967.1 -1365.4 TU3 olGN JD serpentinised with vein 
FT4205 220.63 2942.3 2968.2 -1366.5 TU3 UM 10 serpentinite 
JD16 221.37 2943.07 2968.97 -1367.27 TU3 UM JD serpentinite 
JD15 221.5 2943.2 2969.1 -1367.4 TU3 UM JD serpentinite 
JD14 221.7 2943.4 2969.3 -1367.6 TU2 An JD high grade An 
FT1117 221.9 2943.6 2969.5 -1367.8 TU2 N 9 troc 
FT1118 223.71 2945.41 2971.31 -1369.61 TU2 olGN 10 GN band 
JD40 225.3 2947 2972.9 -1371.2 TU2 olN 10.5 foliated troc 
FT1120 227.9 2949.6 2975.5 -1373.8 TU2 olN 10 serp troctolite 
JD13 228.65 2950.35 2976.25 -1374.55 TU2 troc JD striped troctolite 
FT4206 229.03 2950.73 2976.63 -1374.93 TU2 contact 12 contact TROC-FELSIC 
JD27 229.15 2950.85 2976.75 -1375.05 TU2 felsic 10 felsic feature 
FT4207 230.24 2951.9 2977.8 -1376.1 TU2 felsic 16 
foliated texture felsic, 
BMS 
FT4208 230.65 2952.3 2978.2 -1376.5 TU2 contact 11 contact Felsic-troc, BMS 
JD41 231.18 2952.88 2978.78 -1377.08 TU2 felsic 8 An-pegmatoid 
JD32 232.07 2953.77 2979.67 -1377.97 TU2 felsic 13 An-pegmatoid 
FT4209 232.52 2953.75 2979.65 -1377.95 TU2 
MIX 
LITH 9 An-UM contact + alt 
FT1128_B 234.29 2955.99 2981.89 -1380.19 TU2 UM 18.5 Harz-pegmatoid 
JD42 234.89 2956.59 2982.49 -1380.79 TU2 olN 13 An, peg troc and harz 
JD19 235.255 2956.955 2982.855 -1381.155 TU2 olGN JD sampled by JD 
JD18 235.29 2956.99 2982.89 -1381.19 TU2 serp JD sampled by JD 
JD17 235.33 2957.03 2982.93 -1381.23 TU2 serp JD sampled by JD 
JD43 238.1 2959.8 2985.7 -1384 TU2 N 10 amph, spotted texture 
FT1131 240.6 2962.27 2988.17 -1386.47 TU2 N 10 
BMS, hand lens, 
amphibole 
JD44 241.9 2963.6 2989.5 -1387.8 TU2 GN 10 amph, spotted texture 
JD45 243.9 2965.6 2991.5 -1389.8 TU2 N 10 amph, spotted texture 
JD46 245.34 2967.04 2992.94 -1391.24 TU2 GN 10 amph, spotted texture 
FT1132 245.82 2967.52 2993.42 -1391.72 TU2 xeno 19.5 An and calc-silicate 
JD23 246.6 2968.3 2994.2 -1392.5 TU2 GN JD sampled by JD 
JD22 246.7 2968.4 2994.3 -1392.6 TU2 GN JD sampled by JD 
JD21 246.81 2968.51 2994.41 -1392.71 TU2 GN JD sampled by JD 
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Table C3 cont.: Sample list of VSF2 (TU) samples used in this study. 
  
Depth (m) Depth (m) Depth (m) Depth (m) Subunit Lith 
Core 
(cm) 
Reason sampled VSF2_M BV1_C BV1_GC UZ-MZb TU CIPWn length 
JD20 246.86 2968.56 2994.46 -1392.76 TU1 GN JD sampled by JD 
FT1134 247.52 2969.22 2995.12 -1393.42 TU1 GN 4; 6 mGN 
FT1136A 249.22 2970.92 2996.82 -1395.12 TU1 olG 10 mGN 
FT1140 253.56 2975.26 3001.16 -1399.46 TU1 GN 9 
leuco bands with mela 
GN, fault 
JD24 256.8 2978.5 3004.4 -1402.7 TU1 olG JD GN 
FT1143 257.44 2979.19 3005.09 -1403.39 TU1 olG 9 ol-rich and poor G 
FT1144 257.89 2979.59 3005.49 -1403.79 TU1 olGN 9.5 ol-rich and poor G 
FT1145 261.76 2983.46 3009.36 -1407.66 TU1 olGN 10 ol-rich and poor G 
FT1146 264.26 2986.16 3012.06 -1410.36 TU1 olG 8.5 ol-rich and poor G 
FT4212 266.33 2988.02 3013.92 -1412.22 TU1 GN 10 
ol-rich and poor G, Fe 
staining 
FT1148 267.87 2989.57 3015.47 -1413.77 TU1 olGN 10 ol-rich and poor G 
JD25 268.46 2990.16 3016.06 -1414.36 TU1 olG JD ol-rich and poor G 
 
C.5 Sample list: BV1 samples  
 
Table C.4: Sample list of Bellevue (BV1) samples obtained from the Bellevue borehole 
stored at the South African Council for Geoscience’s National Core Library at 
Donkerhoek, Pretoria. 
  
Depth (m) Depth (m) Depth (m) Subunit 
Core 
(cm) 
Lith Reason sampled BV1_M VSF2_GC UZ-MZb TU length 
BV_01 2802.52 82.54 -1226.72 BV-TU2 10 An An top contact of MZ-TU 
BV_02 2802.95 82.05 -1227.15 BV-TU2 10 LN Avg. LN 
BV_03 2803.46 82.56 -1227.66 BV-TU2 13 An with opx  Massive opx lens An 
BV_04 2805.32 intrusion -1229.52 BV-TU2 9.5 granite Avg. granite 1 
BV_05 2807.69 85.04 -1231.885 BV-TU2 15 MGN Avg. MGN.  
BV_06 2808.44 85.79 -1232.64 BV-TU2 12 PYX Opx'e check Cr and PGE 
BV_07A 2809.04 88.20 -1233.24 BV-TU2 
24 
HARZ serpentinite with BMS 
BV_07B 2809.13 88.23 -1233.33 BV-TU1 Harz-NOR con serp ol-norite-troc contact 
BV_07C 2825.82 88.31 -1233.405 BV-TU1 troc-nor-troc con lens of opx/ norite in troc 
BV_08 2810.21 89.31 -1234.405 BV-TU1 14 Troc BMS, TROC 
BV_09 2810.91 90.01 -1235.105 BV-TU1 10 px in TROC 
Lens of px in TROC, pos 
autolith 
BV_10 2815.63 94.73 -1239.83 BV-TU1 9.5 MOLGN 
Striped troc, not in VSF2, with 
opx 
BV_11 2877.77 intrusion -1250.015 BV-TU1 11.5 granite-contact 
granite-troc contact, avg granite 
2 
BV_12 2840.06 116.21 -1264.26 BV-TU1 10 TROC avg troc- test geochem 
BV_13 2850.38 126.53 -1274.58 BV-TU1 10 opx OlGN Possible BMS, Fe staining 
BV_14 2861.30 137.45 -1285.495 BV-TU1 20 olgn-troc-px lens noritic / olgn-troc-with opx lens 
BV_15 2866.58 intrusion -1290.775 BV-TU1 10.5 granite avg granite 3 
BV_16 2874.58 intrusion -1298.78 BV-TU1 11 granite change in granite 3 
BV_17 2809.21 intrusion -1301.97 BV-TU1 9.5 gran-troc cont contact granite-troc, BMS 
BV_18 2887.70 149.24 -1311.9 BV-TU1 10 An with ol MOTL contact between sub units 
BV_19 2888.01 149.55 -1312.21 BV-TU1 19.5 
mot An with 
TROC contact of An with BMS 
BV_20 2894.23 intrusion -1318.43 BV-TU1 12 granite avg granite 4 
BV_21 2900.02 161.56 -1324.22 BV-TU1 9.5 TROC troc with pos sulphides 
BV_22 2915.78 177.32 -1339.98 BV-TU1 10 TROC TROC avg 
BV_23 2924.27 185.81 -1348.47 BV-TU1 10 TROC Avg troc check geochem 
BV_24A 2944.75 206.29 -1368.945 BV-TU1 
26 
serp troc serp troc  
BV_24B 2944.83 206.37 -1369.03 BV-TU1 an-fault anorthosite above fault 
BV_24D 2944.95 206.49 -1369.15 BV-TU1 alt. troc  Highly serp TROC 
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C.6 Sample list: MO1 samples  
 
Table C.5: Sample list of Moordkopje (MO1) samples, provided by Dr F. Roelofse. 
Sample ID ID short 
Depth (m) 
Source Strat 
Drill core sample 
LITH MO1 cal. BV1 
length (mm) 
X Y Z 
MO_37.3 MO_01 37.3 3477.3 FR, 2016 lower-MZ 32 32 7 GN 
MO_73.58 MO_02 73.58 3513.58 FR, 2016 lower-MZ 31 21 7 GN 
MO_122.41 MO_03 122.41 3562.41 FR, 2016 lower-MZ 30 17 7 GN 
MO_199.96 MO_04 199.96 3639.96 FR, 2016 lower-MZ 33 22 8 GN 
MO_217.65 MO_05 217.65 3657.65 FR, 2016 lower-MZ 35 19 8 GN 
MO_277.75 MO_06 277.75 3717.75 FR, 2016 lower-MZ 23 15 5 GN 
MO_317.43 MO_07 317.43 3757.43 FR, 2016 lower-MZ 32 19 7 GN 
MO_384.06 MO_08 384.06 3824.06 FR, 2016 lower-MZ 31 19 8 GN 
MO_444.46 MO_09 444.46 3884.46 FR, 2016 lower-MZ 34 21 8 GN 
MO_562 MO_10 562 4002 FR, 2016 lower-MZ 30 17 8 GN 
MO_652.5 MO_11 652.5 4092.5 FR, 2016 lower-MZ 33 17 8 GN 
MO_752.96 MO_12 752.96 4192.96 FR, 2016 lower-MZ 33 19 9 GN 
MO_886 MO_13 886 4326 FR, 2016 lower-MZ 33 18 9 GN 
MO_954.33 MO_14 954.33 4394.33 FR, 2016 lower-MZ 30 19 8 GN 
MO_1045 MO_15 1045 4485 FR, 2016 lower-MZ 33 20 8 GN 
MO_1132 MO_16 1132 4572 FR, 2016 lower-MZ 33 20 9 GN 
MO_1210 MO_17 1210 4650 FR, 2016 lower-MZ 33 16 9 GN 
MO_1265 MO_18 1265 4705 FR, 2016 lower-MZ 32 16 8 GN 
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Appendix D 
Chapter 6: Mineralogy: silicate and accessory 
phases 
 
D.1-4 Full quant mineral chemistry: plagioclase, 
olivine, orthopyroxene and clinopyroxene 
 
Full quantitative data, as determined by EDS-SEM, of the main silicate minerals of 
the Troctolite Unit and Main Zone are provided in the following tables. Please see the 
Supplementary Appendixes for full datasets, stats and standardisation used in full 
quant analysis.  
 
Depths are expressed as measured or calculated in the VSF2 and BV1 borehole as 
well as relative to the UZ-MZ boundary as defined in the BV1 (see Ashwal et al., 2005 
and Appendix B for calculations and methods). Abbreviations used in tables are the 
same as elsewhere in the text.  
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Table D1: Full quant mineral chemistry, determined by EDS-SEM, of cumulus plagioclase measured in Main Zone samples from the field area. 
Sample BK015 BK015 BK015 BK067B BK067B BK067B BK067B BK009 BK009 BK009 BK062 BK062 BK062 BK062 BK062 
#Plag 1 2 3 1 2 3 4 1 2 3 1 2 3 4 5 
VSF2_M 390.267 390.267 390.267 444.422 444.422 444.422 444.422 499.135 499.135 499.135 509.741 509.741 509.741 509.741 509.741 
BV1_GC 3137.87 3137.87 3137.87 3192.02 3192.02 3192.02 3192.02 3246.73 3246.73 3246.73 3257.34 3257.34 3257.34 3257.34 3257.34 
UZ-MZb -1536.2 -1536.2 -1536.2 -1590.3 -1590.3 -1590.3 -1590.3 -1645 -1645 -1645 -1655.6 -1655.6 -1655.6 -1655.6 -1655.6 
Subunit MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ 
Lithology GN GN GN GN GN GN GN GN GN GN GN GN GN GN GN 
Mineral plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 1 4 3 3 3 3 3 6 3 3 4 4 3 3 3 
Na2O (wt.%) 3.69 3.85 3.95 3.82 4.06 4.01 4.25 3.89 3.80 4.09 3.95 3.92 3.92 3.90 3.75 
MgO 0.00 0.01 0.07 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.07 0.05 0.05 0.02 0.03 
Al2O3 30.50 30.80 30.62 31.04 30.85 30.69 30.43 30.53 30.63 29.99 30.35 30.14 30.29 30.43 30.67 
SiO2 51.70 52.51 52.73 51.29 51.94 51.64 52.28 51.88 51.82 52.16 51.53 51.69 51.47 51.58 51.10 
K2O 0.29 0.27 0.27 0.36 0.31 0.34 0.32 0.26 0.26 0.28 0.29 0.33 0.28 0.30 0.26 
CaO 13.35 13.45 13.23 13.33 13.06 12.99 12.61 13.23 13.34 13.02 12.96 13.00 12.99 13.08 13.37 
TiO2 0.00 0.03 0.02 0.01 0.00 0.00 0.01 0.03 0.03 0.03 0.00 0.00 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
FeO 0.00 0.00 0.00 0.25 0.22 0.21 0.23 0.00 0.00 0.00 0.41 0.41 0.36 0.40 0.39 
Sr 0.40 0.41 0.44 0.00 0.00 0.00 0.00 0.50 0.47 0.48 0.00 0.00 0.00 0.00 0.00 
Total 99.98 101.36 101.33 100.15 100.50 99.94 100.18 100.38 100.40 100.08 99.58 99.56 99.40 99.74 99.63 
  Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.33 0.33 0.34 0.34 0.36 0.35 0.37 0.34 0.33 0.36 0.35 0.35 0.35 0.35 0.33 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 1.64 1.63 1.62 1.66 1.65 1.65 1.63 1.63 1.64 1.61 1.63 1.62 1.63 1.64 1.65 
Si 2.35 2.36 2.37 2.33 2.35 2.35 2.37 2.35 2.35 2.37 2.35 2.36 2.36 2.35 2.34 
K 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 
Ca 0.65 0.65 0.64 0.65 0.63 0.63 0.61 0.64 0.65 0.63 0.63 0.64 0.64 0.64 0.65 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.02 0.02 0.01 0.01 0.02 
Sr 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 
Total 5.00 5.00 5.00 5.01 5.01 5.01 5.01 5.01 5.00 5.01 5.01 5.01 5.01 5.01 5.01 
An%: 
Ca+Na+K 
65.49 64.91 63.91 64.50 62.85 62.89 60.98 64.30 65.03 62.74 63.41 63.42 63.60 63.81 65.31 
An%: Ca+Na 66.62 65.92 64.93 65.86 64.01 64.13 62.11 65.27 66.00 63.77 64.45 64.65 64.64 64.93 66.32 
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Table D2: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample FT1006 FT1006 FT1006 FT1006 FT1006 FT1006 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT1030 FT1030 FT1030 FT1030 
#Plag 1 2 3 4 5 6 1 2 3 4 5 6 7 1 2 3 4 
VSF2_M 36.84 36.84 36.84 36.84 36.84 36.84 55 55 55 55 55 55 55 82.44 82.44 82.44 82.44 
BV1_GC 2756.5 2756.5 2756.5 2756.5 2756.5 2756.5 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2802.1 2802.1 2802.1 2802.1 
UZ-MZb -1182.7 -1182.7 -1182.7 -1182.7 -1182.7 -1182.7 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1228.3 -1228.3 -1228.3 -1228.3 
Subunit TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology N N N N N N olGN olGN olGN olGN olGN olGN olGN motl An motl An motl An motl An 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 3 4 3 4 4 4 3 5 3 3 2 3 3 4 3 3 3 
Na2O (wt.%) 2.59 2.72 2.78 2.72 2.71 2.65 2.54 2.59 2.77 2.79 2.73 2.96 2.62 2.61 2.89 2.65 2.93 
MgO 0.07 0.14 0.06 0.39 0.74 0.17 1.11 1.66 0.09 0.38 0.10 0.45 0.44 0.07 0.03 0.08 0.13 
Al2O3 32.57 32.29 32.48 32.10 31.48 32.62 31.21 30.93 31.99 31.63 32.06 31.48 31.95 32.55 32.42 32.70 32.31 
SiO2 48.12 48.24 48.38 48.23 48.00 48.29 48.04 48.02 49.15 48.98 49.08 49.47 48.80 49.01 50.10 49.50 50.05 
K2O 0.11 0.16 0.14 0.16 0.15 0.15 0.11 0.13 0.15 0.14 0.14 0.16 0.12 0.17 0.16 0.17 0.16 
CaO 15.51 15.17 15.21 14.88 14.53 15.33 14.40 14.11 15.03 14.73 15.17 14.53 15.07 15.49 15.18 15.51 14.97 
TiO2 0.00 0.02 0.00 0.02 0.05 0.00 0.05 0.03 0.05 0.00 0.05 0.04 0.05 0.01 0.04 0.01 0.04 
MnO 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.56 0.52 0.42 0.58 1.54 0.57 0.03 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 1.50 1.30 0.49 0.76 0.50 0.59 0.69 0.44 0.44 0.51 0.46 
Total 99.59 99.27 99.52 99.13 99.24 99.77 99.04 98.85 99.72 99.46 99.82 99.70 99.75 100.37 101.30 101.15 101.12 
 Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.23 0.24 0.25 0.24 0.24 0.24 0.23 0.23 0.25 0.25 0.24 0.26 0.23 0.23 0.25 0.23 0.26 
Mg 0.01 0.01 0.00 0.03 0.05 0.01 0.08 0.12 0.01 0.03 0.01 0.03 0.03 0.00 0.00 0.01 0.01 
Al 1.77 1.76 1.76 1.75 1.72 1.77 1.71 1.69 1.73 1.72 1.73 1.70 1.73 1.75 1.73 1.75 1.72 
Si 2.22 2.23 2.23 2.23 2.23 2.22 2.23 2.23 2.26 2.26 2.25 2.27 2.24 2.24 2.26 2.24 2.26 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.77 0.75 0.75 0.74 0.72 0.75 0.72 0.70 0.74 0.73 0.75 0.71 0.74 0.76 0.73 0.75 0.73 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.02 0.02 0.06 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.05 0.02 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 
Total 5.02 5.02 5.02 5.02 5.04 5.02 5.03 5.04 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.00 
An%: 
Ca+Na+K 
76.31 74.82 74.53 74.45 74.13 75.54 75.29 74.45 74.28 73.90 74.85 72.35 75.50 75.86 73.58 75.63 73.18 
An%: Ca+Na 76.81 75.51 75.14 75.14 74.78 76.18 75.80 75.10 74.97 74.49 75.44 73.06 76.03 76.58 74.32 76.36 73.86 
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Table D2 cont.: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample FT4203E FT4203E FT1046 FT1046 FT1046 FT1046 FT1046 JD05 JD05 JD05 FT1069 FT1069 FT1069 FT1069 JD06 JD06 JD06 
#Plag 2 3 1 2 3.1 3.2 4 1 2 3 1 2 3 4 1 2 3 
VSF2_M 90.775 90.775 113.89 113.89 113.89 113.89 113.89 136.05 136.05 136.05 149 149 149 149 159.8 159.8 159.8 
BV1_GC 2812.48 2812.48 2836.79 2836.79 2836.79 2836.79 2836.79 2858.95 2858.95 2858.95 2886.51 2886.51 2886.51 2886.51 2898.06 2898.06 2898.06 
UZ-MZb -1236.7 -1236.7 -1259.8 -1259.8 -1259.8 -1259.8 -1259.8 -1282 -1282 -1282 -1294.9 -1294.9 -1294.9 -1294.9 -1305.7 -1305.7 -1305.7 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc troc olN olN olN olN olN troc troc troc N N N N troc troc troc 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 4 3 3 3 5 3 9 3 3 3 3 2 3 3 3 3 4 
Na2O (wt.%) 2.72 2.68 2.79 2.69 2.74 2.73 2.74 2.69 2.71 2.83 2.72 2.50 2.46 2.26 2.73 2.70 2.53 
MgO 0.06 0.04 0.05 0.29 0.17 0.29 0.32 0.45 0.04 0.04 0.06 0.19 0.10 0.02 0.43 0.04 0.04 
Al2O3 32.58 32.71 32.33 32.37 32.46 32.55 32.18 32.07 32.40 32.32 32.29 31.99 32.58 33.03 32.15 32.56 32.53 
SiO2 48.71 48.77 48.99 48.73 49.02 48.88 48.85 48.75 49.07 49.38 48.00 47.07 47.63 47.14 48.51 48.83 48.19 
K2O 0.11 0.12 0.17 0.17 0.15 0.19 0.18 0.14 0.15 0.11 0.26 0.14 0.16 0.14 0.13 0.11 0.09 
CaO 15.27 15.39 15.13 15.18 15.27 15.08 15.04 15.12 15.54 15.40 14.99 15.54 15.56 16.03 15.02 15.30 15.54 
TiO2 0.04 0.00 0.03 0.00 0.02 0.02 0.01 0.03 0.03 0.05 0.00 0.00 0.00 0.00 0.03 0.02 0.02 
MnO 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.01 
FeO 0.47 0.44 0.47 0.58 0.60 0.96 0.82 0.00 0.00 0.00 0.50 1.15 0.61 0.46 0.81 0.46 0.45 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.86 0.47 0.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.98 100.19 100.00 100.01 100.50 100.74 100.16 100.15 100.45 100.60 98.88 98.62 99.11 99.07 99.85 100.08 99.41 
 Stoichiometry on basis 8 oxygen  
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.24 0.24 0.25 0.24 0.24 0.24 0.24 0.24 0.24 0.25 0.24 0.23 0.22 0.20 0.24 0.24 0.23 
Mg 0.00 0.00 0.00 0.02 0.01 0.02 0.02 0.03 0.00 0.00 0.00 0.01 0.01 0.00 0.03 0.00 0.00 
Al 1.76 1.76 1.74 1.75 1.74 1.75 1.74 1.73 1.74 1.73 1.76 1.76 1.78 1.80 1.74 1.76 1.77 
Si 2.23 2.23 2.24 2.23 2.24 2.23 2.24 2.23 2.24 2.25 2.23 2.20 2.21 2.19 2.23 2.23 2.22 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.75 0.75 0.74 0.75 0.75 0.74 0.74 0.74 0.76 0.75 0.75 0.78 0.77 0.80 0.74 0.75 0.77 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.02 0.02 0.02 0.04 0.03 0.00 0.00 0.00 0.02 0.05 0.02 0.02 0.03 0.02 0.02 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 5.01 5.01 5.01 5.02 5.01 5.02 5.02 5.02 5.01 5.01 5.02 5.03 5.02 5.02 5.02 5.01 5.01 
An%: 
Ca+Na+K 
75.19 75.53 74.17 75.02 74.77 74.53 74.44 75.00 75.35 74.55 74.14 76.88 77.01 79.06 74.67 75.22 76.82 
An%: Ca+Na 75.66 76.06 74.95 75.72 75.44 75.36 75.23 75.63 76.01 75.03 75.31 77.48 77.72 79.71 75.23 75.74 77.25 
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Table D2 cont.: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample JD06 JD06 JD06 JD06 JD06 JD06 FT1088 FT1088 FT1088 FT1088 FT1093 FT1093 FT1093 FT1093 FT1093 FT1096 FT1096 
#Plag 4 5 6 7 8 9 1 2 3 4 1 2 3 4 5 1 2 
VSF2_M 159.8 159.8 159.8 159.8 159.8 159.8 174.1 174.1 174.1 174.1 189 189 189 189 189 197.34 197.34 
BV1_GC 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 2921.7 2921.7 2921.7 2921.7 2936.6 2936.6 2936.6 2936.6 2936.6 2944.94 2944.94 
UZ-MZb -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1320 -1320 -1320 -1320 -1334.9 -1334.9 -1334.9 -1334.9 -1334.9 -1343.2 -1343.2 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc troc troc troc troc troc olGN olGN olGN olGN olGN olGN olGN olGN olGN olN olN 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 3 5 3 3 4 3 2 3 3 3 3 3 3 2 4 3 3 
Na2O (wt.%) 2.45 2.68 2.72 2.77 2.55 2.62 2.59 2.58 2.73 2.59 2.55 2.66 2.55 2.62 2.75 2.55 2.96 
MgO 0.29 0.13 1.19 0.01 0.40 0.02 0.07 0.20 0.05 0.07 0.07 0.06 0.06 0.05 0.17 0.06 0.08 
Al2O3 32.37 32.30 31.14 32.34 31.96 32.53 32.75 32.69 32.72 33.06 32.79 32.31 32.57 32.43 32.31 32.89 32.59 
SiO2 47.79 48.38 48.66 48.86 47.70 48.42 48.20 48.10 48.96 48.66 48.33 47.95 47.91 48.31 48.41 48.49 49.84 
K2O 0.11 0.12 0.10 0.13 0.09 0.10 0.16 0.15 0.16 0.16 0.17 0.15 0.14 0.17 0.17 0.11 0.12 
CaO 15.41 15.19 14.33 15.21 15.27 15.49 15.53 15.51 15.44 15.71 15.65 15.35 15.50 15.38 15.12 15.59 15.08 
TiO2 0.01 0.04 0.03 0.03 0.01 0.02 0.00 0.00 0.03 0.02 0.04 0.02 0.00 0.00 0.00 0.02 0.07 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.83 0.54 0.98 0.45 1.08 0.46 0.69 0.63 0.49 0.47 0.51 0.52 0.49 0.51 0.59 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.70 0.62 
Total 99.31 99.42 99.16 99.84 99.09 99.72 100.04 99.95 100.61 100.79 100.15 99.05 99.24 99.50 99.55 100.46 101.38 
  Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.22 0.24 0.24 0.25 0.23 0.23 0.23 0.23 0.24 0.23 0.23 0.24 0.23 0.23 0.25 0.23 0.26 
Mg 0.02 0.01 0.08 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Al 1.77 1.75 1.70 1.75 1.75 1.76 1.77 1.77 1.76 1.77 1.77 1.76 1.77 1.76 1.75 1.77 1.73 
Si 2.21 2.23 2.25 2.24 2.21 2.23 2.21 2.21 2.23 2.21 2.21 2.22 2.21 2.23 2.23 2.22 2.25 
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.76 0.75 0.71 0.75 0.76 0.76 0.76 0.76 0.75 0.77 0.77 0.76 0.77 0.76 0.75 0.76 0.73 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.03 0.02 0.04 0.02 0.04 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.00 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 
Total 5.02 5.01 5.03 5.01 5.03 5.01 5.02 5.02 5.02 5.02 5.02 5.02 5.02 5.01 5.02 5.01 5.01 
An%: 
Ca+Na+K 
77.18 75.27 73.97 74.65 76.43 76.12 76.12 76.21 75.03 76.33 76.47 75.48 76.41 75.63 74.50 76.64 73.30 
An%: Ca+Na 77.69 75.83 74.41 75.21 76.81 76.59 76.82 76.88 75.75 77.03 77.24 76.14 77.01 76.42 75.23 77.15 73.78 
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Table D2 cont.: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample FT1107 FT1107 JD14 JD14 JD14 JD14 FT1128 FT1128 FT1128 FT1131 FT1131 FT1131 FT1131 FT1131 FT1131 JD20 JD20 
#Plag 1 2 1 2 3 4 1 2 3 1 2 3 4 5 6 1 2 
VSF2_M 210.5 210.5 221.7 221.7 221.7 221.7 234.29 234.29 234.29 240.6 240.6 240.6 240.6 240.6 240.6 246.86 246.86 
BV1_GC 2958.1 2958.1 2969.3 2969.3 2969.3 2969.3 2981.89 2981.89 2981.89 2988.17 2988.17 2988.17 2988.17 2988.17 2988.17 2994.46 2994.46 
UZ-MZb -1356.4 -1356.4 
-
1367.6 
-
1367.6 
-
1367.6 
-
1367.6 
-1380.2 -1380.2 -1380.2 -1386.5 -1386.5 -1386.5 -1386.5 -1386.5 -1386.5 -1392.8 -1392.8 
Subunit TU3 TU3 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology troc troc An An An An UM/Perd UM/Perd UM/Perd N N N N N N olG olG 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 3 3 7 4 3 8 3 3 3 8 9 4 4 1 3 3 3 
Na2O (wt.%) 2.68 2.63 2.66 2.90 2.71 2.91 3.44 3.44 3.43 2.70 2.76 2.66 2.29 2.27 2.99 3.21 3.46 
MgO 0.03 0.04 0.01 0.00 0.00 0.22 0.09 0.14 0.10 0.06 0.06 0.09 0.03 0.05 0.03 0.02 0.14 
Al2O3 32.70 32.66 32.54 32.08 32.27 31.79 31.69 31.67 31.64 32.26 32.18 32.15 32.80 33.03 31.84 31.52 31.38 
SiO2 48.55 48.51 48.99 49.46 48.82 49.26 50.45 50.33 50.33 49.15 49.40 48.73 48.05 47.96 49.88 49.95 50.72 
K2O 0.10 0.14 0.16 0.19 0.19 0.19 0.18 0.13 0.17 0.23 0.23 0.19 0.16 0.13 0.26 0.22 0.19 
CaO 15.42 15.39 15.47 14.92 15.56 14.84 14.18 14.12 14.16 15.23 15.12 15.16 15.92 15.94 14.75 14.32 13.95 
TiO2 0.04 0.01 0.02 0.05 0.02 0.05 0.00 0.01 0.05 0.02 0.03 0.04 0.04 0.00 0.01 0.05 0.04 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.35 0.38 0.00 0.00 0.00 0.01 0.34 0.38 0.29 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
Sr 0.00 0.00 0.49 0.47 0.46 0.65 0.00 0.00 0.00 0.52 0.53 0.53 0.50 0.62 0.52 0.43 0.47 
Total 99.89 99.77 100.37 100.08 100.05 99.97 100.42 100.24 100.20 100.22 100.36 99.56 99.81 100.12 100.33 99.77 100.41 
  Stoichiometry on basis 8 oxygen  
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.24 0.23 0.24 0.26 0.24 0.26 0.30 0.30 0.30 0.24 0.24 0.24 0.20 0.20 0.26 0.28 0.30 
Mg 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Al 1.77 1.77 1.75 1.73 1.74 1.72 1.70 1.70 1.70 1.74 1.73 1.74 1.78 1.79 1.71 1.70 1.68 
Si 2.23 2.23 2.24 2.26 2.24 2.26 2.29 2.29 2.29 2.25 2.25 2.24 2.21 2.20 2.27 2.29 2.30 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
Ca 0.76 0.76 0.76 0.73 0.76 0.73 0.69 0.69 0.69 0.75 0.74 0.75 0.78 0.78 0.72 0.70 0.68 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.00 0.00 0.02 0.02 0.02 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Total 5.01 5.01 5.01 5.01 5.01 5.02 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.01 5.01 
An%: 
Ca+Na+K 
75.63 75.78 75.56 73.11 75.22 72.96 68.76 68.89 68.83 74.68 74.16 75.00 78.56 78.90 72.04 70.22 68.25 
An%: Ca+Na 76.09 76.38 76.26 73.95 76.04 73.78 69.51 69.41 69.52 75.69 75.15 75.87 79.31 79.52 73.15 71.15 69.03 
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Table D2 cont.: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample JD20 JD21 JD21 JD21 JD21 JD21 JD21 JD21 JD21 JD21 JD21 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 
#Plag 3 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 
VSF2_M 246.86 246.81 246.81 246.81 246.81 246.81 246.81 246.81 246.81 246.81 246.81 257.44 257.44 257.44 257.44 257.44 257.44 
BV1_GC 2994.46 2994.41 2994.41 2994.41 2994.41 2994.41 2994.41 2994.41 2994.41 2994.41 2994.41 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 
UZ-MZb -1392.8 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1392.7 -1403.4 -1403.4 -1403.4 -1403.4 -1403.4 -1403.4 
Subunit TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU1 TU1 TU1 TU1 TU1 TU1 
Lithology olG olGN olGN olGN olGN olGN olGN olGN olGN olGN olGN GN GN GN GN GN GN 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 3 4 3 4 6 3 4 4 6 6 4 3 3 3 3 3 4 
Na2O (wt.%) 3.44 2.51 2.56 2.94 2.99 3.38 3.40 3.01 3.16 3.39 2.06 2.54 2.60 2.52 2.72 2.82 2.42 
MgO 0.01 0.62 0.03 0.01 0.08 0.02 0.40 0.22 0.12 0.17 3.82 0.35 0.37 0.25 0.00 0.14 0.02 
Al2O3 31.33 31.94 32.57 32.10 31.84 31.51 31.38 31.74 31.87 31.15 25.16 32.51 32.09 32.50 32.33 31.68 32.70 
SiO2 50.73 48.36 48.80 49.89 49.60 50.82 50.60 49.78 50.21 50.50 50.01 48.62 48.48 48.57 49.14 49.30 48.33 
K2O 0.29 0.20 0.18 0.23 0.26 0.24 0.21 0.25 0.17 0.28 0.13 0.19 0.15 0.15 0.18 0.19 0.18 
CaO 13.88 15.02 15.52 14.93 14.83 14.33 13.96 14.59 14.62 14.37 16.91 15.50 15.24 15.54 15.41 15.02 15.91 
TiO2 0.04 0.01 0.02 0.01 0.04 0.05 0.05 0.01 0.02 0.04 0.13 0.03 0.02 0.02 0.02 0.01 0.02 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.02 0.01 0.00 0.00 0.00 0.00 
FeO 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.05 0.02 0.01 0.00 0.00 0.00 0.00 
Sr 0.41 1.23 0.44 0.48 0.50 0.47 0.94 0.82 0.57 0.76 2.39 0.57 0.99 0.64 0.48 0.55 0.46 
Total 100.20 99.92 100.14 100.64 100.16 100.81 100.96 100.45 100.76 100.66 100.79 100.39 99.98 100.22 100.29 99.72 100.10 
  Stoichiometry on basis 8 oxygen  
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.30 0.22 0.23 0.26 0.27 0.30 0.30 0.27 0.28 0.30 0.18 0.22 0.23 0.22 0.24 0.25 0.22 
Mg 0.00 0.04 0.00 0.00 0.01 0.00 0.03 0.01 0.01 0.01 0.27 0.02 0.03 0.02 0.00 0.01 0.00 
Al 1.68 1.73 1.76 1.72 1.71 1.68 1.68 1.71 1.70 1.67 1.36 1.75 1.74 1.75 1.74 1.71 1.77 
Si 2.31 2.23 2.23 2.27 2.27 2.30 2.29 2.27 2.28 2.30 2.32 2.22 2.23 2.22 2.24 2.26 2.22 
K 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.68 0.74 0.76 0.73 0.73 0.70 0.68 0.71 0.71 0.70 0.84 0.76 0.75 0.76 0.75 0.74 0.78 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Sr 0.02 0.05 0.02 0.02 0.02 0.02 0.04 0.03 0.02 0.03 0.09 0.02 0.04 0.02 0.02 0.02 0.02 
Total 5.01 5.02 5.01 5.01 5.01 5.01 5.02 5.02 5.01 5.02 5.09 5.02 5.02 5.01 5.01 5.01 5.01 
An%: 
Ca+Na+K 
67.91 75.83 76.20 72.73 72.17 69.12 68.64 71.72 71.23 68.98 81.55 76.34 75.76 76.68 74.96 73.84 77.58 
An%: Ca+Na 69.05 76.76 77.01 73.69 73.26 70.06 69.47 72.79 71.94 70.11 82.15 77.15 76.43 77.36 75.77 74.68 78.39 
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Table D2 cont.: Mineral chemistry of cumulus / framework plagioclase measured in the TU of VSF2. 
Sample FT1143 FT1143 FT1143 FT1146 FT1146 FT1146 FT1146 FT1146 JD25 JD25 JD25 JD25 JD25 
#Plag 7 8 9 1 2 3 4 5 1 2 3 4 5 
VSF2_M 257.44 257.44 257.44 264.26 264.26 264.26 264.26 264.26 268.46 268.46 268.46 268.46 268.46 
BV1_GC 3005.09 3005.09 3005.09 3012.06 3012.06 3012.06 3012.06 3012.06 3016.06 3016.06 3016.06 3016.06 3016.06 
UZ-MZb -1403.4 -1403.4 -1403.4 -1410.4 -1410.4 -1410.4 -1410.4 -1410.4 -1414.4 -1414.4 -1414.4 -1414.4 -1414.4 
Subunit TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Lithology GN GN GN olG olG olG olG olG olG olG olG olG olG 
Mineralogy plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 
n 4 5 6 3 3 3 3 2 3 7 3 3 3 
Na2O (wt.%) 3.90 3.21 2.04 2.73 2.20 2.45 2.62 2.37 2.58 2.28 2.42 2.20 1.45 
MgO 0.09 0.15 0.00 0.02 0.02 0.05 0.07 0.04 0.03 0.23 0.42 0.06 0.04 
Al2O3 30.48 31.33 33.31 32.03 32.97 32.59 32.43 32.51 32.53 32.84 32.40 33.14 34.40 
SiO2 51.38 49.66 47.24 47.96 47.07 47.71 48.18 47.53 48.55 47.59 47.67 47.67 45.92 
K2O 0.23 0.16 0.11 0.19 0.17 0.18 0.17 0.16 0.18 0.15 0.15 0.15 0.07 
CaO 13.30 14.37 16.46 15.14 15.98 15.59 15.35 15.61 15.45 15.89 15.35 16.11 17.44 
TiO2 0.05 0.02 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 
FeO 0.00 0.00 0.00 0.45 0.48 0.49 0.45 0.49 0.45 0.65 0.91 0.43 0.40 
Sr 0.42 0.63 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.90 99.59 99.66 98.60 98.95 99.13 99.31 98.78 99.80 99.69 99.36 99.80 99.72 
   Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.34 0.29 0.18 0.25 0.20 0.22 0.23 0.21 0.23 0.20 0.22 0.20 0.13 
Mg 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 
Al 1.64 1.70 1.81 1.76 1.80 1.78 1.76 1.78 1.76 1.78 1.77 1.80 1.87 
Si 2.34 2.28 2.18 2.23 2.19 2.21 2.22 2.21 2.23 2.19 2.21 2.19 2.12 
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 
Ca 0.65 0.71 0.81 0.75 0.79 0.77 0.76 0.78 0.76 0.79 0.76 0.79 0.86 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.04 0.02 0.02 
Sr 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 5.01 5.02 5.01 5.02 5.01 5.01 5.01 5.01 5.01 5.02 5.02 5.01 5.01 
An%: 
Ca+Na+K 
64.47 70.55 81.18 74.56 79.24 77.04 75.66 77.68 75.99 78.72 77.05 79.50 86.57 
An%: Ca+Na 65.34 71.25 81.69 75.40 80.03 77.88 76.42 78.40 76.78 79.42 77.77 80.19 86.91 
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Table D3: Mineral chemistry of plagioclase inclusions in olivine and pyroxene, measured in the TU of VSF2. 
Sample FT1006 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT4203E FT1046 FT1046 FT1046 FT1046 FT1046 
#Plag 1 1 2 3 4 5 6 7 8 1 2 3 4 5 6 
VSF2_M 36.84 55 55 55 55 55 55 55 55 90.775 113.89 113.89 113.89 113.89 113.89 
BV1_GC 2756.5 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2812.48 2836.79 2836.79 2836.79 2836.79 2836.79 
UZ-MZb -1182.7 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1236.7 -1259.8 -1259.8 -1259.8 -1259.8 -1259.8 
Subunit TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology N olGN olGN olGN olGN olGN olGN olGN olGN troc olN olN olN olN olN 
Mineral plag plag plag plag plag plag plag plag plag plag plag plag plag plag plag 
Host phase OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 7 7 5 3 2 5 7 9 3 7 3 9 7 3 
Na2O (wt.%) 2.59 2.67 2.64 2.60 2.31 1.25 2.63 2.59 2.64 2.64 2.84 3.02 2.92 2.66 2.49 
MgO 0.07 0.33 0.09 0.14 0.42 0.06 0.55 1.02 0.61 0.07 0.07 0.06 0.28 0.08 0.55 
Al2O3 32.57 31.72 32.16 32.04 32.67 34.68 31.73 31.40 32.04 32.63 32.15 31.89 31.89 32.45 31.89 
SiO2 48.12 48.16 48.43 48.31 47.59 45.46 48.09 47.85 48.45 48.67 48.93 49.36 48.98 48.83 47.67 
K2O 0.11 0.14 0.16 0.16 0.12 0.05 0.15 0.14 0.14 0.13 0.19 0.13 0.15 0.18 0.13 
CaO 15.51 14.74 15.17 15.13 15.56 17.60 14.56 14.32 14.87 15.44 14.99 14.70 14.71 15.28 14.81 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.56 1.15 0.54 0.66 0.97 0.57 1.65 1.78 0.99 0.48 0.48 0.49 0.55 0.73 2.11 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.59 98.98 99.25 99.12 99.71 99.68 99.45 99.18 99.79 100.11 99.62 99.69 99.52 100.27 99.74 
   Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.23 0.24 0.24 0.23 0.21 0.11 0.24 0.23 0.24 0.23 0.25 0.27 0.26 0.24 0.22 
Mg 0.01 0.02 0.01 0.01 0.03 0.00 0.04 0.07 0.04 0.00 0.00 0.00 0.02 0.01 0.04 
Al 1.77 1.73 1.75 1.75 1.78 1.89 1.73 1.72 1.74 1.76 1.74 1.72 1.73 1.75 1.74 
Si 2.22 2.24 2.24 2.23 2.20 2.10 2.23 2.22 2.23 2.23 2.25 2.26 2.25 2.23 2.21 
K 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.77 0.73 0.75 0.75 0.77 0.87 0.72 0.71 0.73 0.76 0.74 0.72 0.72 0.75 0.73 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.02 0.04 0.02 0.03 0.04 0.02 0.06 0.07 0.04 0.02 0.02 0.02 0.02 0.03 0.08 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 5.02 5.02 5.01 5.01 5.02 5.01 5.03 5.04 5.02 5.01 5.02 5.01 5.02 5.01 5.03 
An%: 
Ca+Na+K 
76.31 74.64 75.35 75.52 78.25 88.34 74.63 74.63 75.09 75.81 73.61 72.34 72.90 75.26 76.07 
An%: Ca+Na 76.81 75.29 76.06 76.26 78.81 88.63 75.34 75.29 75.71 76.37 74.46 72.91 73.55 76.07 76.65 
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Table D3 cont.: Mineral chemistry of plagioclase inclusions in olivine and pyroxene, measured in the TU of VSF2. 
Sample JD06 JD06 FT1107 FT1107 FT1107 FT1146 
#Plag 1 2 1 2 3 1 
VSF2_M 159.8 159.8 210.5 210.5 210.5 264.26 
BV1_GC 2898.06 2898.06 2958.1 2958.1 2958.1 3012.06 
UZ-MZb -1305.7 -1305.7 -1356.4 -1356.4 -1356.4 -1410.4 
Subunit TU3 TU3 TU3 TU3 TU3 TU1 
Lithology troc troc troc troc troc olG 
Mineral plag plag plag plag plag plag 
Host phase OLV PYX OLV OLV OLV PYX 
n 6 3 6 4 9 3 
Na2O (wt.%) 2.67 2.81 2.57 3.02 2.55 2.30 
MgO 0.06 0.00 0.05 0.06 0.06 0.23 
Al2O3 32.61 32.70 32.66 32.03 32.75 32.68 
SiO2 48.70 49.26 48.52 49.45 47.94 47.19 
K2O 0.07 0.12 0.22 0.17 0.11 0.14 
CaO 15.46 15.29 15.40 14.76 15.53 15.62 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 0.51 0.44 0.40 0.47 0.52 0.79 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.15 100.64 99.87 100.01 99.53 98.95 
   Stoichiometry on basis 8 oxygen 
O 8.00 8.00 8.00 8.00 8.00 8.00 
Na 0.24 0.25 0.23 0.27 0.23 0.21 
Mg 0.00 0.00 0.00 0.00 0.00 0.02 
Al 1.76 1.75 1.77 1.73 1.78 1.79 
Si 2.23 2.24 2.23 2.26 2.21 2.19 
K 0.00 0.01 0.01 0.01 0.01 0.01 
Ca 0.76 0.74 0.76 0.72 0.77 0.78 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.02 0.02 0.02 0.03 
Sr 0.00 0.00 0.00 0.00 0.00 0.00 
Total 5.01 5.01 5.01 5.01 5.02 5.02 
An%: 
Ca+Na+K 
75.88 74.59 75.80 72.21 76.54 78.27 
An%: Ca+Na 76.20 75.08 76.78 72.95 77.05 78.95 
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Table D4: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample FT1006 FT1006 FT1006 FT1006 FT1006 FT1012 FT1012 FT1012 FT1012 JD03_UM JD03_UM JD03_UM FT1038 FT1038 FT1038 
olivine# 1 2 3 4 5 1 2 3 4 1 2 3 1 2 3 
VSF2_M 36.84 36.84 36.84 36.84 36.84 55 55 55 55 88.19 88.19 88.19 89.05 89.05 89.05 
BV1_C 2758.54 2758.54 2758.54 2758.54 2758.54 2776.7 2776.7 2776.7 2776.7 2809.89 2809.89 2809.89 2810.75 2810.75 2810.75 
BV1_GC 2756.5 2756.5 2756.5 2756.5 2756.5 2774.66 2774.66 2774.66 2774.66 2809.1 2809.1 2809.1 2810.75 2810.75 2810.75 
UZ-MZb -1182.7 -1182.7 -1182.7 -1182.7 -1182.7 -1200.9 -1200.9 -1200.9 -1200.9 -1234.09 -1234.09 -1234.09 -1235 -1235 -1235 
Stratigraphy TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU3 TU3 TU3 
Lithology N N N N N olGN olGN olGN olGN olN olN olN olN olN olN 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 3 4 4 3 3 3 4 3 3 3 3 5 4 4 
Na2O (wt.%) 0.00 0.00 0.03 0.01 0.00 0.02 0.00 0.02 0.00 0.02 0.04 0.00 0.00 0.00 0.01 
MgO 37.28 37.49 36.79 37.44 37.48 36.63 36.73 37.02 36.66 38.54 38.47 38.56 38.73 38.58 38.68 
Al2O3 0.10 0.05 0.20 0.08 0.11 0.11 0.10 0.08 0.16 0.07 0.12 0.09 0.11 0.13 0.08 
SiO2 37.85 37.90 37.90 37.98 38.00 37.69 37.81 37.92 37.79 38.28 38.28 38.20 38.10 38.08 38.14 
CaO 0.05 0.05 0.06 0.06 0.03 0.06 0.07 0.06 0.06 0.05 0.06 0.05 0.04 0.06 0.05 
TiO2 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.36 0.35 0.34 0.35 0.35 0.36 0.39 0.36 0.36 0.34 0.34 0.34 0.35 0.35 0.33 
FeO 24.08 23.91 24.17 23.78 23.82 24.50 24.58 24.62 24.65 22.57 22.66 22.73 22.19 22.25 22.17 
NiO 0.33 0.35 0.33 0.34 0.33 0.33 0.32 0.34 0.34 0.36 0.36 0.36 0.36 0.37 0.35 
Total 100.06 100.10 99.83 100.04 100.13 99.69 100.00 100.42 100.03 100.24 100.35 100.34 99.88 99.82 99.79 
   Stoichiometry on basis 4 oxygen 
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.46 1.47 1.44 1.46 1.46 1.44 1.44 1.45 1.44 1.50 1.49 1.50 1.51 1.50 1.50 
Al 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.99 1.00 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.53 0.52 0.53 0.52 0.52 0.54 0.54 0.54 0.54 0.49 0.49 0.49 0.48 0.49 0.48 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
Fo% 73.40 73.65 73.06 73.73 73.73 72.72 72.71 72.82 72.61 75.26 75.17 75.13 75.68 75.55 75.67 
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Table D4 cont.: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample FT1038 FT1038 FT1038 FT4203D FT4203D FT4203D FT4203D FT4203D FT4203D FT4203D FT4203E_PEG FT4203E_PEG FT4203E_PEG FT4203E_PEG 
olivine# 4 5 6 1 2 3 4 5 6 7 1 2 3 4 
VSF2_M 89.05 89.05 89.05 90.73 90.73 90.73 90.73 90.73 90.73 90.73 90.77 90.77 90.77 90.77 
BV1_C 2810.75 2810.75 2810.75 2812.43 2812.43 2812.43 2812.43 2812.43 2812.43 2812.43 2812.475 2812.475 2812.475 2812.475 
BV1_GC 2810.75 2810.75 2810.75 2812.43 2812.43 2812.43 2812.43 2812.43 2812.43 2812.43 2812.475 2812.475 2812.475 2812.475 
UZ-MZb -1235 -1235 -1235 -1236.63 -1236.63 -1236.63 -1236.63 -1236.63 -1236.63 -1236.63 -1236.675 -1236.675 -1236.675 -1236.675 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology olN olN olN troc troc troc troc troc troc troc troc troc troc troc 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 4 3 3 3 3 3 3 3 3 3 3 3 3 3 
Na2O (wt.%) 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.04 0.00 0.02 0.00 0.00 
MgO 38.67 38.56 38.65 39.30 38.96 38.70 38.26 38.65 39.21 28.42 39.32 39.48 39.24 39.52 
Al2O3 0.22 0.13 0.07 0.02 0.00 0.00 0.02 0.00 0.00 1.20 0.08 0.05 0.11 0.05 
SiO2 38.17 38.03 38.15 38.34 38.12 38.18 37.96 38.14 38.32 54.50 38.41 38.47 38.44 38.50 
CaO 0.05 0.05 0.06 0.05 0.04 0.06 0.09 0.07 0.06 0.86 0.06 0.06 0.04 0.04 
TiO2 0.00 0.00 0.00 0.00 0.14 0.00 0.00 0.00 0.00 0.24 0.00 0.01 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 
MnO 0.33 0.37 0.34 0.34 0.33 0.34 0.35 0.35 0.33 0.35 0.33 0.35 0.34 0.33 
FeO 22.19 22.31 22.35 21.70 22.21 22.20 22.02 21.85 21.46 13.93 21.56 21.96 21.99 21.94 
NiO 0.35 0.35 0.37 0.35 0.35 0.37 0.34 0.35 0.36 0.12 0.36 0.35 0.32 0.35 
Total 99.97 99.79 100.01 100.11 100.16 99.84 99.04 99.41 99.75 99.75 100.11 100.75 100.46 100.73 
   Stoichiometry on basis 4 oxygen 
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.50 1.50 1.50 1.52 1.51 1.51 1.50 1.51 1.52 1.01 1.52 1.52 1.51 1.52 
Al 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
Si 0.99 0.99 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.31 1.00 0.99 0.99 0.99 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.48 0.49 0.49 0.47 0.48 0.48 0.48 0.48 0.47 0.28 0.47 0.47 0.48 0.47 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.67 3.00 3.01 3.00 3.01 
Fo% 75.65 75.50 75.50 76.35 75.77 75.65 75.59 75.92 76.50 78.41 76.47 76.21 76.08 76.26 
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Table D4 cont.: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample FT4203E_PEG FT4203E_PEG FT4203E_PEG FT4203E_N FT4203E_N FT4203E_N FT1046 FT1046 FT1046 FT1046 JD05 JD05 JD05 
olivine# 5 6 7 1 2 3 1 2 3 4 1 2 3 
VSF2_M 90.77 90.77 90.77 90.78 90.78 90.78 113.89 113.89 113.89 113.89 136.05 136.05 136.05 
BV1_C 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2835.59 2835.59 2835.59 2835.59 2857.75 2857.75 2857.75 
BV1_GC 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2836.79 2836.79 2836.79 2836.79 2858.95 2858.95 2858.95 
UZ-MZb -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1259.8 -1259.8 -1259.8 -1259.8 -1282 -1282 -1282 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc troc troc olN olN olN olN olN olN olN troc troc troc 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 3 3 3 3 6 3 3 3 3 3 3 3 
Na2O (wt.%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.02 
MgO 39.28 39.55 39.37 39.63 39.45 39.31 38.89 38.51 38.59 38.69 38.71 38.72 38.66 
Al2O3 0.06 0.07 0.05 0.10 0.22 0.08 0.05 0.10 0.19 0.10 0.06 0.08 0.08 
SiO2 38.51 38.61 38.45 38.50 38.46 38.41 38.38 37.99 38.07 38.08 38.33 38.34 38.37 
CaO 0.05 0.05 0.02 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.06 0.06 0.05 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 
Cr2O3 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.33 0.34 0.33 0.34 0.34 0.33 0.35 0.35 0.35 0.35 0.35 0.34 0.36 
FeO 22.16 21.96 22.13 21.39 21.63 21.98 22.52 22.32 22.31 22.47 22.72 22.76 22.86 
NiO 0.34 0.36 0.35 0.35 0.34 0.35 0.30 0.30 0.32 0.36 0.33 0.34 0.32 
Total 100.74 100.94 100.71 100.37 100.48 100.50 100.53 99.64 99.89 100.11 100.58 100.66 100.72 
  Stoichiometry on basis 4 oxygen  
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.51 1.52 1.52 1.53 1.52 1.52 1.50 1.50 1.50 1.50 1.50 1.50 1.49 
Al 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Si 0.99 0.99 0.99 0.99 0.99 0.99 1.00 0.99 0.99 0.99 0.99 0.99 0.99 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.48 0.47 0.48 0.46 0.47 0.48 0.49 0.49 0.49 0.49 0.49 0.49 0.50 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.00 3.00 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 
Fo% 75.95 76.25 76.02 76.75 76.48 76.12 75.48 75.46 75.50 75.42 75.23 75.20 75.09 
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Table D4 cont.: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample JD05 FT1069 FT1069 FT1069 FT1069 FT1069 FT1069 FT1069 JD06 JD06 JD06 JD06 JD06 FT1088 FT1088 FT1088 FT1088 
olivine# 4 1 2 3 4 5 6 7 1 2 3 4 5 1 2 3 4 
VSF2_M 136.05 149 149 149 149 149 149 149 159.8 159.8 159.8 159.8 159.8 174.1 174.1 174.1 174.1 
BV1_C 2857.75 2870.7 2870.7 2870.7 2870.7 2870.7 2870.7 2870.7 2881.5 2881.5 2881.5 2881.5 2881.5 2895.8 2895.8 2895.8 2895.8 
BV1_GC 2858.95 2886.51 2886.51 2886.51 2886.51 2886.51 2886.51 2886.51 2898.06 2898.06 2898.06 2898.06 2898.06 2921.7 2921.7 2921.7 2921.7 
UZ-MZb -1282 -1294.9 -1294.9 -1294.9 -1294.9 -1294.9 -1294.9 -1294.9 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1320 -1320 -1320 -1320 
Stratigraphy  TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc N N N N N N N troc troc troc troc troc olGN olGN olGN olGN 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 3 3 3 3 3 3 3 3 3 3 3 6 3 3 3 3 
Na2O (wt.%) 0.00 0.00 0.02 0.04 0.00 0.00 0.03 0.02 0.02 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.00 
MgO 38.78 37.68 37.70 37.71 37.68 37.82 37.65 38.05 37.72 37.69 38.05 37.75 38.04 38.97 39.18 39.18 38.94 
Al2O3 0.02 0.09 0.10 0.10 0.10 0.08 0.13 0.09 0.10 0.11 0.13 0.11 0.12 0.09 0.11 0.02 0.14 
SiO2 38.38 38.01 37.96 38.00 37.82 37.98 37.92 38.03 37.96 37.93 38.11 38.07 38.07 38.09 38.16 38.20 38.26 
CaO 0.05 0.05 0.06 0.04 0.04 0.07 0.06 0.06 0.04 0.04 0.05 0.07 0.05 0.06 0.04 0.04 0.04 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
MnO 0.36 0.37 0.35 0.34 0.36 0.36 0.37 0.35 0.37 0.38 0.37 0.36 0.38 0.32 0.34 0.32 0.33 
FeO 23.04 23.54 23.36 23.38 23.19 23.37 23.56 23.32 23.13 23.38 23.01 22.99 22.90 22.00 21.82 21.83 21.66 
NiO 0.32 0.34 0.34 0.35 0.33 0.35 0.31 0.35 0.35 0.36 0.35 0.35 0.35 0.35 0.35 0.35 0.35 
Total 100.96 100.08 99.90 99.95 99.52 100.02 100.04 100.27 99.69 99.89 100.10 99.72 99.92 99.87 100.00 99.92 99.71 
   Stoichiometry on basis 4 oxygen 
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.50 1.47 1.47 1.47 1.48 1.48 1.47 1.48 1.48 1.47 1.48 1.48 1.48 1.51 1.52 1.52 1.51 
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.99 1.00 1.00 1.00 1.00 0.99 0.99 0.99 1.00 1.00 1.00 1.00 1.00 0.99 0.99 0.99 1.00 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.50 0.52 0.51 0.51 0.51 0.51 0.52 0.51 0.51 0.51 0.50 0.50 0.50 0.48 0.47 0.48 0.47 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.00 3.00 3.00 3.00 3.01 3.01 3.01 3.00 
Fo% 75.00 74.04 74.20 74.20 74.33 74.25 74.01 74.41 74.40 74.18 74.68 74.54 74.75 75.95 76.19 76.18 76.22 
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Table D4 cont.: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample FT1093 FT1093 FT1093 FT1093 FT1093 FT1107 FT1107 FT1107 FT1107 FT1107 FT1128 FT1128 FT1128 FT1128 FT1128 
olivine# 1 2 3 4 5 1 2 3 4 5 1 5 3 4 5 
VSF2_M 189 189 189 189 189 210.5 210.5 210.5 210.5 210.5 234.29 234.29 234.29 234.29 234.29 
BV1_C 2910.7 2910.7 2910.7 2910.7 2910.7 2932.2 2932.2 2932.2 2932.2 2932.2 2955.99 2955.99 2955.99 2955.99 2955.99 
BV1_GC 2936.6 2936.6 2936.6 2936.6 2936.6 2958.1 2958.1 2958.1 2958.1 2958.1 2981.89 2981.89 2981.89 2981.89 2981.89 
UZ-MZb -1334.9 -1334.9 -1334.9 -1334.9 -1334.9 -1356.4 -1356.4 -1356.4 -1356.4 -1356.4 -1380.2 -1380.2 -1380.2 -1380.2 -1380.2 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology olGN olGN olGN olGN olGN troc troc troc troc troc UM UM UM UM UM 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 3 3 3 3 3 3 3 3 3 5 3 4 3 3 
Na2O (wt.%) 0.04 0.02 0.04 0.00 0.02 0.00 0.03 0.00 0.00 0.02 0.01 0.00 0.03 0.00 0.00 
MgO 38.63 38.58 38.59 38.49 38.57 38.76 38.62 38.73 38.94 38.70 38.89 38.94 38.95 39.04 39.48 
Al2O3 0.07 0.10 0.05 0.10 0.06 0.09 0.10 0.10 0.08 0.09 0.09 0.00 0.00 0.00 0.00 
SiO2 38.27 38.21 38.28 38.22 38.20 38.04 38.04 38.08 38.21 37.92 38.40 38.48 38.49 38.25 38.48 
CaO 0.05 0.04 0.05 0.04 0.04 0.07 0.06 0.05 0.05 0.07 0.06 0.05 0.06 0.06 0.04 
TiO2 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.35 0.36 0.36 0.35 0.36 0.32 0.33 0.31 0.32 0.33 0.34 0.35 0.36 0.33 0.32 
FeO 22.56 22.69 22.69 22.74 22.60 21.92 21.89 21.97 21.86 22.03 22.57 22.91 22.69 22.29 21.87 
NiO 0.36 0.35 0.36 0.31 0.38 0.35 0.39 0.36 0.36 0.36 0.34 0.38 0.33 0.39 0.41 
Total 100.34 100.38 100.43 100.25 100.25 99.55 99.46 99.61 99.83 99.51 100.70 101.12 100.90 100.35 100.59 
     Stoichiometry on basis 4 oxygen 
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.50 1.50 1.50 1.49 1.50 1.51 1.51 1.51 1.51 1.51 1.50 1.50 1.50 1.51 1.52 
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 1.00 0.99 1.00 1.00 0.99 0.99 1.00 1.00 1.00 0.99 0.99 0.99 1.00 0.99 0.99 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.49 0.49 0.49 0.50 0.49 0.48 0.48 0.48 0.48 0.48 0.49 0.50 0.49 0.48 0.47 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.00 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.01 3.01 3.01 3.00 
Fo% 75.32 75.19 75.20 75.10 75.26 75.91 75.87 75.84 76.04 75.78 75.44 75.18 75.36 75.73 76.29 
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Table D4 cont.: Mineral chemistry of olivine measured in the TU of the VSF2 borehole. 
Sample FT1143 FT1143 FT1143 FT1143 FT1143 FT1146 FT1146 FT1146 FT1146 FT1146 JD25 JD25 JD25 JD25 JD25 
olivine# 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
VSF2_M 257.44 257.44 257.44 257.44 257.44 264.26 264.26 264.26 264.26 264.26 268.46 268.46 268.46 268.46 268.46 
BV1_C 2979.19 2979.19 2979.19 2979.19 2979.19 2986.16 2986.16 2986.16 2986.16 2986.16 2990.16 2990.16 2990.16 2990.16 2990.16 
BV1_GC 3005.09 3005.09 3005.09 3005.09 3005.09 3012.06 3012.06 3012.06 3012.06 3012.06 3016.06 3016.06 3016.06 3016.06 3016.06 
UZ-MZb -1403.4 -1403.4 -1403.4 -1403.4 -1403.4 -1410.4 -1410.4 -1410.4 -1410.4 -1410.4 -1414.4 -1414.4 -1414.4 -1414.4 -1414.4 
Stratigraphy TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Lithology olGN olGN olGN olGN olGN olG olG olG olG olG olG olG olG olG olG 
Mineral OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV OLV 
n 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 
Na2O (wt.%) 0.04 0.02 0.02 0.00 0.00 0.00 0.02 0.00 0.02 0.02 0.02 0.04 0.04 0.00 0.02 
MgO 37.06 36.69 36.69 37.24 36.91 36.74 36.59 36.68 36.88 36.61 37.42 37.49 37.41 37.40 37.38 
Al2O3 0.14 0.07 0.07 0.11 0.11 0.06 0.11 0.05 0.06 0.07 0.07 0.07 0.12 0.07 0.08 
SiO2 37.90 37.94 37.88 38.01 37.88 37.78 37.56 37.60 37.61 37.53 37.89 37.92 37.92 37.93 37.86 
CaO 0.04 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.02 0.05 0.05 0.04 0.06 0.05 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MnO 0.37 0.38 0.38 0.39 0.38 0.37 0.37 0.37 0.35 0.37 0.36 0.35 0.37 0.35 0.36 
FeO 24.84 25.11 25.14 24.56 24.90 24.50 24.51 24.52 24.31 24.57 23.85 23.53 23.91 24.03 24.18 
NiO 0.38 0.35 0.35 0.36 0.36 0.33 0.33 0.34 0.35 0.31 0.29 0.29 0.30 0.29 0.28 
Total 100.78 100.62 100.56 100.71 100.58 99.84 99.53 99.60 99.64 99.53 99.95 99.74 100.12 100.20 100.30 
   Stoichiometry on basis 4 oxygen 
O 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 1.45 1.44 1.44 1.45 1.44 1.45 1.44 1.45 1.45 1.45 1.47 1.47 1.46 1.46 1.46 
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Si 0.99 1.00 1.00 0.99 0.99 1.00 0.99 1.00 0.99 0.99 1.00 1.00 1.00 0.99 0.99 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.54 0.55 0.55 0.54 0.55 0.54 0.54 0.54 0.54 0.54 0.52 0.52 0.52 0.53 0.53 
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Total 3.01 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.01 3.00 3.00 3.00 3.01 3.00 3.00 
Fo% 72.67 72.27 72.23 72.99 72.54 72.77 72.69 72.72 72.99 72.65 73.65 73.96 73.59 73.51 73.38 
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Table D5: Mineral chemistry of orthopyroxene measured in the Main Zone below the TU and the TU in the VSF2. 
Sample BK015 BK062   FT1006 FT1006 FT1006 FT1006 FT1006 FT1006 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 FT1012 
OPX# 1 2   1 2 3 4 5 6 1 2 3 4 5 6 7 
VSF2_M 390.27 509.74   36.87 36.87 36.87 36.87 36.87 36.87 55 55 55 55 55 55 55 
BV1_C 3111.97 3231.44   2758.54 2758.54 2758.54 2758.54 2758.54 2758.54 2776.7 2776.7 2776.7 2776.7 2776.7 2776.7 2776.7 
BV1_GC 3137.87 3257.34   2756.5 2756.5 2756.5 2756.5 2756.5 2756.5 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 2774.66 
UZ-MZb -1536.17 -1655.64   -1182.7 -1182.7 -1182.7 -1182.7 -1182.7 -1182.7 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 -1200.9 
Strat. MZ MZ   TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology GN GN   N N N N N N olGN olGN olGN olGN olGN olGN olGN 
Min opx opx   opx opx opx opx opx opx opx opx opx opx opx opx opx 
n 3 3   5 3 5 3 6 5 4 3 2 3 4 2 2 
Na2O (wt.%) 0.11 0.09   0.11 0.09 0.08 0.04 0.05 0.05 0.04 0.00 0.00 0.06 0.03 0.07 0.14 
MgO 24.23 24.94   26.52 27.25 27.08 27.56 27.39 27.84 26.88 27.02 26.82 27.73 27.80 27.10 26.79 
Al2O3 0.93 0.85   1.48 1.37 1.37 1.34 1.35 1.34 1.32 1.29 1.34 1.09 1.06 1.33 1.37 
SiO2 54.19 54.51   54.52 54.31 54.42 54.59 54.67 54.47 54.64 54.85 54.53 55.17 55.25 54.79 54.96 
CaO 1.93 2.17   2.15 1.60 1.20 1.47 1.53 0.95 1.49 1.10 1.44 0.68 0.62 1.14 1.94 
TiO2 0.17 0.17   0.17 0.22 0.23 0.22 0.16 0.24 0.30 0.32 0.29 0.07 0.07 0.27 0.19 
Cr2O3 0.00 0.01   0.22 0.17 0.18 0.15 0.19 0.16 0.12 0.12 0.13 0.01 0.04 0.14 0.13 
MnO 0.40 0.39   0.31 0.32 0.31 0.32 0.32 0.32 0.35 0.36 0.35 0.33 0.33 0.31 0.31 
Fe 17.46 16.75   14.21 14.74 14.71 14.84 14.59 14.92 15.05 15.56 15.16 14.92 14.98 15.20 14.63 
Ni 0.12 0.12   0.11 0.12 0.12 0.11 0.13 0.13 0.12 0.12 0.14 0.10 0.12 0.13 0.15 
Total 99.55 100.01   99.82 100.18 99.72 100.63 100.35 100.42 100.29 100.75 100.19 100.18 100.29 100.51 100.59 
      Stoichiometry on basis 6 oxygen  
O 6.00 6.00   6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.01 0.01   0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Mg 1.32 1.35   1.43 1.46 1.46 1.47 1.46 1.49 1.44 1.44 1.44 1.48 1.48 1.45 1.43 
Al 0.04 0.04   0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.05 0.04 0.06 0.06 
Si 1.99 1.98   1.97 1.95 1.96 1.96 1.96 1.95 1.96 1.96 1.96 1.98 1.98 1.97 1.97 
Ca 0.08 0.08   0.08 0.06 0.05 0.06 0.06 0.04 0.06 0.04 0.06 0.03 0.02 0.04 0.07 
Ti 0.00 0.00   0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 
Cr 0.00 0.00   0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01   0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.54 0.51   0.43 0.44 0.44 0.44 0.44 0.45 0.45 0.47 0.46 0.45 0.45 0.46 0.44 
Ni 0.00 0.00   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 3.99 4.00   4.00 4.01 4.00 4.01 4.00 4.01 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Mg# 71.22 72.63   76.89 76.71 76.64 76.80 76.99 76.89 76.11 75.56 75.92 76.81 76.78 76.06 76.55 
En% 68.43 69.47   73.60 74.29 74.82 74.62 74.67 75.47 73.88 73.92 73.76 75.78 75.85 74.36 73.62 
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Table D5 cont.: Mineral chemistry of orthopyroxene measured in the Main Zone below the TU and the TU in the VSF2. 
Sample FT1030 FT1030 FT1030 FT1030 JD02 JD02 JD02 JD02 JD02 JD03 JD03 JD03 JD03 JD03 JD03 JD03 
OPX# 1 2 3 4 1 2 3 4 5 1 2 3 4 5 6 7 
VSF2_M 82.44 82.44 82.44 82.44 86.7 86.7 86.7 86.7 86.7 88.19 88.19 88.19 88.19 88.19 88.19 88.19 
BV1_C 2804.14 2804.14 2804.14 2804.14 2808.4 2808.4 2808.4 2808.4 2808.4 2809.89 2809.89 2809.89 2809.89 2809.89 2809.89 2809.89 
BV1_GC 2802.1 2802.1 2802.1 2802.1 2807.61 2807.61 2807.61 2807.61 2807.61 2809.1 2809.1 2809.1 2809.1 2809.1 2809.1 2809.1 
UZ-MZb -1228.3 -1228.3 -1228.3 -1228.3 -1232.6 -1232.6 -1232.6 -1232.6 -1232.6 -1234.1 -1234.1 -1234.1 -1234.1 -1234.1 -1234.1 -1234.1 
Strat. TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology motl An motl An motl An motl An 
UM/ 
PYX 
UM/ 
PYX 
UM/ 
PYX 
UM/ 
PYX 
UM/ 
PYX 
UM+olN UM+olN UM+olN UM+olN UM+olN UM+olN UM+olN 
Min opx opx opx opx opx opx opx opx opx opx opx opx opx opx opx opx 
n 7 10 3 4 8 6 6 10 8 2 5 4 4 6 8 6 
Na2O (wt.%) 0.04 0.08 0.06 0.05 0.04 0.06 0.05 0.00 0.04 0.00 0.04 0.08 0.07 0.08 0.04 0.03 
MgO 25.57 25.58 25.52 25.55 26.68 27.04 26.46 26.85 26.91 27.60 27.82 27.68 27.64 27.30 27.60 27.76 
Al2O3 1.31 1.24 1.20 1.40 1.37 1.30 1.38 1.39 1.42 1.38 1.38 1.51 1.48 1.53 1.48 1.41 
SiO2 54.48 54.82 54.03 54.11 54.38 54.53 54.65 54.76 54.95 55.40 55.47 55.38 55.11 55.34 55.06 55.25 
CaO 1.45 1.64 1.27 1.71 1.63 1.06 2.02 1.30 1.48 0.91 1.14 1.86 1.93 2.70 1.77 1.50 
TiO2 0.24 0.25 0.32 0.24 0.24 0.20 0.26 0.21 0.21 0.22 0.24 0.16 0.19 0.12 0.13 0.21 
Cr2O3 0.19 0.21 0.17 0.19 0.17 0.14 0.15 0.17 0.27 0.15 0.14 0.22 0.20 0.25 0.24 0.18 
MnO 0.36 0.36 0.37 0.37 0.34 0.33 0.33 0.33 0.34 0.32 0.34 0.32 0.32 0.30 0.31 0.33 
Fe 16.91 16.71 17.09 17.01 14.92 15.28 14.49 14.79 15.18 14.88 14.44 13.70 13.57 13.13 13.54 13.91 
Ni 0.11 0.12 0.13 0.12 0.13 0.14 0.13 0.13 0.15 0.11 0.15 0.14 0.13 0.13 0.14 0.13 
Total 100.67 101.01 100.17 100.72 99.90 100.09 99.91 99.92 100.93 100.96 101.15 101.06 100.63 100.87 100.31 100.69 
   Stoichiometry on basis 6 oxygen 
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Mg 1.38 1.37 1.38 1.38 1.44 1.45 1.42 1.44 1.43 1.46 1.47 1.46 1.47 1.45 1.47 1.47 
Al 0.06 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 
Si 1.97 1.97 1.96 1.96 1.96 1.97 1.97 1.97 1.96 1.97 1.97 1.97 1.96 1.97 1.97 1.97 
Ca 0.06 0.06 0.05 0.07 0.06 0.04 0.08 0.05 0.06 0.03 0.04 0.07 0.07 0.10 0.07 0.06 
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 
Cr 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.51 0.50 0.52 0.51 0.45 0.46 0.44 0.45 0.45 0.44 0.43 0.41 0.40 0.39 0.40 0.41 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 3.99 4.00 4.01 4.00 4.00 3.99 3.99 4.00 3.99 4.00 4.00 4.00 4.00 4.00 4.00 
Mg# 72.93 73.18 72.70 72.80 76.13 75.93 76.48 76.38 75.95 76.78 77.44 78.25 78.40 78.76 78.42 78.07 
En% 70.83 70.79 70.87 70.32 73.68 74.35 73.40 74.40 73.74 75.41 75.72 75.41 75.43 74.59 75.69 75.78 
382 
 
Table D5 cont.: Mineral chemistry of orthopyroxene measured in the Main Zone below the TU and the TU in the VSF2. 
Sample FT1038 FT1038 FT4203D FT4203E_peg FT4203E_PEG FT4203E_PEG FT4203E_PEG FT4203E_N FT4203E_N FT4203E_N FT4203E_N FT1046 FT1046 
OPX# 1 2 1 1 2 3 4 1 2 3 4 1 2 
VSF2_M 89.05 89.05 90.73 90.775 90.775 90.775 90.79 90.79 90.79 90.79 90.79 113.89 113.89 
BV1_C 2810.75 2810.75 2812.31 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2835.59 2835.59 
BV1_GC 2810.75 2810.75 2812.31 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2812.475 2836.79 2836.79 
UZ-MZb -1235 -1235 -1236.5 -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1236.675 -1259.8 -1259.8 
Strat. TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology 
UM/ 
PYX 
olN troc troc troc troc troc olN olN olN olN olN olN 
Min opx opx opx opx opx opx opx opx opx opx opx opx opx 
n 6 4 6 3 3 3 3 3 3 4 3 4 3 
Na2O (wt.%) 0.02 0.02 0.09 0.03 0.08 0.09 0.08 0.03 0.08 0.04 0.09 0.04 0.02 
MgO 27.88 27.87 28.04 27.91 27.59 27.57 27.50 28.32 27.03 28.54 28.15 27.85 28.09 
Al2O3 1.42 1.52 1.43 1.51 1.52 1.39 1.47 1.28 1.42 1.34 1.37 1.27 1.32 
SiO2 55.31 55.34 54.85 55.14 55.21 55.00 54.91 55.30 55.04 55.31 55.34 55.00 55.19 
CaO 1.12 1.51 2.02 2.01 2.71 2.40 2.05 1.24 3.24 0.95 1.59 1.02 1.38 
TiO2 0.30 0.26 0.13 0.20 0.13 0.15 0.11 0.21 0.22 0.27 0.28 0.32 0.33 
Cr2O3 0.08 0.07 0.19 0.16 0.18 0.19 0.21 0.11 0.10 0.09 0.12 0.06 0.06 
MnO 0.34 0.32 0.29 0.30 0.28 0.28 0.31 0.31 0.29 0.31 0.31 0.33 0.31 
Fe 14.41 14.33 13.10 13.19 12.94 13.09 13.37 13.53 12.63 13.79 13.55 14.42 13.87 
Ni 0.12 0.15 0.12 0.12 0.13 0.11 0.13 0.12 0.14 0.11 0.12 0.11 0.11 
Total 101.00 101.39 100.24 100.58 100.75 100.28 100.13 100.44 100.21 100.75 100.90 100.41 100.68 
   Stoichiometry on basis 6 oxygen 
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.00 
Mg 1.48 1.47 1.49 1.48 1.46 1.47 1.47 1.50 1.44 1.51 1.49 1.48 1.49 
Al 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.05 0.06 
Si 1.97 1.96 1.96 1.96 1.96 1.97 1.97 1.97 1.97 1.96 1.96 1.97 1.96 
Ca 0.04 0.06 0.08 0.08 0.10 0.09 0.08 0.05 0.12 0.04 0.06 0.04 0.05 
Ti 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Cr 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.43 0.42 0.39 0.39 0.38 0.39 0.40 0.40 0.38 0.41 0.40 0.43 0.41 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.00 4.01 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 
Mg# 77.52 77.62 79.23 79.05 79.16 78.96 78.58 78.87 79.22 78.68 78.74 77.49 78.30 
En% 75.83 75.34 76.12 75.93 74.98 75.25 75.40 76.96 74.12 77.23 76.30 75.94 76.18 
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Table D5 cont.: Mineral chemistry of orthopyroxene measured in the Main Zone below the TU and the TU in the VSF2. 
Sample FT1046 FT1046 FT1069 FT1069 FT1069 JD06 JD06 FT1088 FT1088 FT1088 FT1088 FT1096 FT1107 FT1107 FT1128 FT1128 FT1128 
OPX# 3 4 1 2 3 1 2 1 2 3 4 1 1 2 1 2 3 
VSF2_M 113.89 113.89 149 149 149 159.8 159.8 174.1 174.1 174.1 174.1 197.34 210.5 210.5 234.29 234.29 234.29 
BV1_C 2835.59 2835.59 2870.7 2870.7 2870.7 2881.5 2881.5 2895.8 2895.8 2895.8 2895.8 2910.7 2910.7 2910.7 2955.99 2955.99 2955.99 
BV1_GC 2836.79 2836.79 2886.51 2886.51 2886.51 2898.06 2898.06 2921.7 2921.7 2921.7 2921.7 2936.6 2936.6 2936.6 2981.89 2981.89 2981.89 
UZ-MZb -1259.8 -1259.8 -1294.9 -1294.9 -1294.9 -1305.7 -1305.7 -1320 -1320 -1320 -1320 -1334.9 -1334.9 -1334.9 -1380.2 -1380.2 -1380.2 
Strat. TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU2 TU2 TU2 
Lithology olN olN N N N troc troc olGN olGN olGN olGN olGN olGN olGN UM/Perd UM/Perd UM/Perd 
Min opx opx opx opx opx opx opx opx opx opx opx opx opx opx opx opx opx 
n 5 3 3 3 3 3 3 3 3 4 3 4 3 2 3 4 4 
Na2O (wt.%) 0.05 0.08 0.08 0.04 0.02 0.06 0.06 0.03 0.06 0.06 0.06 0.05 0.02 0.07 0.08 0.08 0.07 
MgO 28.46 28.01 27.88 27.72 27.93 25.68 25.68 29.00 28.73 29.22 29.03 29.27 28.71 28.35 27.87 28.15 28.29 
Al2O3 1.34 1.29 1.26 1.41 1.29 1.20 1.20 1.41 1.34 1.33 1.30 1.26 1.17 1.39 1.24 1.09 1.65 
SiO2 55.16 55.34 54.84 54.28 54.56 54.06 54.06 55.10 54.98 55.44 55.35 55.06 55.46 55.19 55.41 55.54 55.44 
CaO 0.84 1.15 1.59 0.91 1.06 1.18 1.18 0.70 1.09 0.61 1.12 1.02 0.62 0.88 1.79 1.67 1.44 
TiO2 0.29 0.33 0.28 0.26 0.28 0.32 0.32 0.25 0.34 0.24 0.35 0.27 0.13 0.31 0.22 0.25 0.11 
Cr2O3 0.07 0.06 0.04 0.03 0.01 0.03 0.03 0.08 0.07 0.09 0.07 0.08 0.02 0.06 0.06 0.05 0.13 
MnO 0.31 0.33 0.32 0.33 0.33 0.35 0.35 0.30 0.31 0.31 0.31 0.32 0.32 0.30 0.32 0.31 0.31 
Fe 14.08 14.33 14.22 14.93 14.37 16.38 16.38 13.87 13.79 13.98 13.61 13.24 13.63 13.81 13.67 13.55 13.45 
Ni 0.11 0.13 0.13 0.14 0.12 0.13 0.13 0.10 0.13 0.12 0.13 0.13 0.13 0.12 0.11 0.14 0.15 
Total 100.71 101.07 100.64 100.04 99.99 99.38 99.38 100.84 100.82 101.37 101.33 100.70 100.21 100.47 100.80 100.81 101.02 
      Stoichiometry on basis 6 oxygen  
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 
Mg 1.51 1.48 1.48 1.49 1.50 1.40 1.40 1.53 1.52 1.54 1.53 1.55 1.52 1.50 1.48 1.49 1.49 
Al 0.06 0.05 0.05 0.06 0.05 0.05 0.05 0.06 0.06 0.06 0.05 0.05 0.05 0.06 0.05 0.05 0.07 
Si 1.96 1.96 1.96 1.95 1.96 1.97 1.97 1.95 1.95 1.96 1.96 1.95 1.98 1.96 1.97 1.97 1.96 
Ca 0.03 0.04 0.06 0.03 0.04 0.05 0.05 0.03 0.04 0.02 0.04 0.04 0.02 0.03 0.07 0.06 0.05 
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.42 0.43 0.42 0.45 0.43 0.50 0.50 0.41 0.41 0.41 0.40 0.39 0.41 0.41 0.41 0.40 0.40 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.00 4.01 4.01 4.01 3.99 3.99 4.01 4.01 4.01 4.01 4.01 4.00 4.00 4.00 4.00 4.00 
Mg# 78.28 77.69 77.74 76.80 77.60 73.64 73.64 78.84 78.80 78.85 79.17 79.75 78.97 78.52 78.40 78.74 78.94 
En% 77.01 75.95 75.33 75.44 75.99 71.89 71.89 77.77 77.13 77.93 77.48 78.19 78.01 77.17 75.67 76.20 76.73 
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Table D5 cont.: Mineral chemistry of orthopyroxene measured in the Main Zone below the TU and the TU in the VSF2. 
Sample FT1131 FT1131 FT1131 FT1131 FT1131 JD21 JD21 FT1143 FT1143 FT1146 FT1146 JD25 
OPX# 1 2 3 4 5 1 2 1 2 1 2 1 
VSF2_M 240.57 240.57 240.57 240.57 240.57 246.91 246.91 257.44 257.44 264.26 264.26 268.46 
BV1_C 2962.27 2962.27 2962.27 2962.27 2962.27 2968.51 2968.51 2979.19 2979.19 2986.16 2986.16 2990.16 
BV1_GC 2988.17 2988.17 2988.17 2988.17 2988.17 2994.41 2994.41 3005.09 3005.09 3012.06 3012.06 3016.06 
UZ-MZb -1386.5 -1386.5 -1386.5 -1386.5 -1386.5 -1392.7 -1392.7 -1403.4 -1403.4 -1410.4 -1410.4 -1414.4 
Strat. TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU1 TU1 TU1 TU1 TU1 
Lithology N N N N N olGN olGN GN GN olG olG olG 
Min opx opx opx opx opx opx opx opx opx opx opx opx 
n 7 10 2 4 4 4 2 3 9 3 3 3 
Na2O (wt.%) 0.03 0.04 0.06 0.05 0.05 0.06 0.07 0.08 0.07 0.04 0.04 0.07 
MgO 26.11 26.00 26.73 25.04 25.21 25.92 26.04 26.73 26.49 26.25 26.25 27.98 
Al2O3 1.16 1.17 1.22 1.12 1.15 1.37 0.86 1.19 1.26 1.13 1.13 1.03 
SiO2 54.45 54.50 54.70 54.29 54.20 54.48 55.04 54.86 54.78 53.99 53.99 55.38 
CaO 1.80 1.31 1.18 1.70 1.15 1.49 0.81 1.31 1.32 0.75 0.75 0.85 
TiO2 0.25 0.17 0.26 0.27 0.24 0.27 0.13 0.21 0.23 0.19 0.19 0.13 
Cr2O3 0.00 0.00 0.00 0.00 0.00 0.07 0.06 0.04 0.03 0.03 0.03 0.00 
MnO 0.35 0.37 0.37 0.40 0.39 0.36 0.39 0.37 0.36 0.38 0.38 0.31 
Fe 15.50 15.95 15.59 17.41 17.51 16.18 16.99 15.59 15.43 16.75 16.75 14.31 
Ni 0.13 0.13 0.11 0.15 0.14 0.14 0.15 0.14 0.14 0.14 0.14 0.11 
Total 99.78 99.64 100.21 100.41 100.01 100.32 100.51 100.52 100.11 99.65 99.65 100.16 
   Stoichiometry on basis 6 oxygen 
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Mg 1.41 1.41 1.44 1.36 1.37 1.40 1.40 1.43 1.42 1.43 1.43 1.49 
Al 0.05 0.05 0.05 0.05 0.05 0.06 0.04 0.05 0.05 0.05 0.05 0.04 
Si 1.97 1.98 1.97 1.97 1.97 1.97 1.99 1.97 1.97 1.97 1.97 1.98 
Ca 0.07 0.05 0.05 0.07 0.04 0.06 0.03 0.05 0.05 0.03 0.03 0.03 
Ti 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.47 0.48 0.47 0.53 0.53 0.49 0.51 0.47 0.47 0.51 0.51 0.43 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 3.99 4.00 4.00 4.00 4.00 3.99 4.00 3.99 4.01 4.01 4.00 
Mg# 75.01 74.40 75.35 71.93 71.97 74.06 73.20 75.35 75.36 73.64 73.64 77.69 
En% 72.32 72.44 73.60 69.51 70.32 71.86 72.04 73.40 73.39 72.54 72.54 76.40 
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Table D6: Mineral chemistry of clinopyroxene measured in the Main Zone below the TU, in the VSF2 study area. 
Sample BK015 BK067B BK067B BK067B BK067B BK067B BK067B BK009 BK009 BK009 
#CPX 1 1 2 3 4 5 6 1 2 3 
VSF2_M 390.27 444.42 444.42 444.42 444.42 444.42 444.42 499.13 499.13 499.13 
BV1_C 3111.97 3166.12 3166.12 3166.12 3166.12 3166.12 3166.12 3220.83 3220.83 3220.83 
BV1_GC 3137.87 3192.02 3192.02 3192.02 3192.02 3192.02 3192.02 3246.73 3246.73 3246.73 
UZ-MZb -1536.2 -1590.3 -1590.3 -1590.3 -1590.3 -1590.3 -1590.3 -1645 -1645 -1645 
Strat  MZ MZ MZ MZ MZ MZ MZ MZ MZ MZ 
Lith  GN GN GN GN GN GN GN GN GN GN 
Min cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx 
n 6 3 3 3 3 3 2 3 7 4 
Na2O (wt.%) 0.28 0.47 0.52 0.53 0.48 0.49 0.49 0.27 0.32 0.32 
MgO 15.58 14.76 14.98 14.87 15.51 15.48 15.05 15.22 14.77 15.50 
Al2O3 1.59 2.08 2.12 2.14 2.39 2.06 2.13 1.45 1.65 1.66 
SiO2 54.00 52.86 53.29 53.11 52.86 53.16 53.09 53.02 52.72 53.04 
CaO 20.77 20.92 20.65 20.58 19.21 19.49 20.65 19.68 20.85 18.85 
TiO2 0.38 0.27 0.29 0.30 0.28 0.30 0.33 0.38 0.37 0.39 
Cr2O3 0.05 0.02 0.00 0.02 0.01 0.00 0.00 0.03 0.01 0.00 
MnO 0.25 0.24 0.24 0.27 0.25 0.27 0.24 0.28 0.25 0.29 
Fe 8.60 7.72 7.93 8.07 8.94 8.66 7.87 8.93 8.07 9.86 
Ni 0.09 0.08 0.09 0.03 0.10 0.07 0.09 0.11 0.09 0.10 
Total 101.58 99.45 100.10 99.93 100.06 100.02 99.93 99.38 99.12 100.02 
   Stoichiometry on basis 6 oxygen  
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.02 0.03 0.04 0.04 0.03 0.04 0.04 0.02 0.02 0.02 
Mg 0.85 0.82 0.82 0.82 0.85 0.85 0.83 0.84 0.82 0.86 
Al 0.07 0.09 0.09 0.09 0.10 0.09 0.09 0.06 0.07 0.07 
Si 1.97 1.96 1.97 1.96 1.95 1.96 1.96 1.97 1.97 1.97 
Ca 0.81 0.83 0.82 0.82 0.76 0.77 0.82 0.79 0.83 0.75 
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.26 0.24 0.24 0.25 0.28 0.27 0.24 0.28 0.25 0.31 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.99 4.00 4.00 
Mg# 76.35 77.34 77.10 76.65 75.58 76.11 77.30 75.24 76.56 73.70 
En% 44.09 43.27 43.70 43.49 45.19 45.07 43.85 44.28 43.09 44.81 
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Table D7: Mineral chemistry of clinopyroxene measured in the TU of the VSF2 borehole. 
Sample FT1012 FT1012 FT1030 FT1030 FT1030 JD02 JD03 FT1038 FT1038 FT4203D FT4203D FT4203E_PEG FT4203E_PEG 
#CPX 1 2 1 2 3 1 1 1 2 1 2 1 2 
VSF2_M 55 55 82.44 83.44 84.44 86.7 88.2 89.05 89.05 90.73 90.73 90.775 90.775 
BV1_C 2776.7 2776.7 2804.14 2804.14 2804.14 2808.4 2809.89 2810.75 2810.75 2812.31 2812.31 2812.475 2812.475 
BV1_GC 2774.66 2774.66 2802.1 2802.1 2802.1 2807.61 2809.1 2810.75 2810.75 2812.31 2812.31 2812.475 2812.475 
UZ-MZb -1200.9 -1200.9 -1228.3 -1228.3 -1228.3 -1232.6 -1234.1 -1235 -1235 -1236.51 -1236.51 -1236.675 -1236.675 
Strat  TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU3 TU3 TU3 TU3 TU3 TU3 
Lith  olGN olGN motl An motl An motl An 
UM/ 
PYX 
UM/ 
PYX 
olN olN troc troc troc troc 
Min cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx 
n 4 3 6 4 8 7 2 4 2 10 ? 3 3 
Na2O (wt.%) 0.35 0.34 0.35 0.31 0.34 0.42 0.28 0.31 0.33 0.44 0.50 0.38 0.48 
MgO 15.06 15.14 15.43 15.20 15.29 16.05 15.62 15.88 15.50 17.77 15.72 16.24 16.19 
Al2O3 2.43 2.48 2.56 2.44 2.67 2.83 2.17 2.45 3.25 2.19 2.06 2.24 2.25 
SiO2 52.11 52.29 52.96 53.02 52.11 51.93 53.30 53.04 51.72 52.89 52.83 52.92 52.94 
CaO 21.57 21.43 20.22 21.42 20.75 19.29 22.71 21.37 21.32 18.03 21.78 21.09 20.00 
TiO2 0.67 0.67 0.27 0.56 0.26 0.67 0.44 0.50 0.55 0.29 0.30 0.30 0.42 
Cr2O3 0.21 0.24 0.49 0.31 0.48 0.32 0.26 0.16 0.14 0.27 0.09 0.26 0.19 
MnO 0.19 0.20 0.23 0.20 0.22 0.20 0.16 0.19 0.22 0.20 0.14 0.16 0.17 
Fe 6.56 6.70 8.15 7.38 7.83 6.87 5.33 6.96 7.22 7.87 6.16 6.21 6.54 
Ni 0.10 0.12 0.09 0.10 0.08 0.09 0.08 0.11 0.10 0.10 0.09 0.08 0.09 
Total 99.25 99.62 100.77 100.94 100.04 98.69 100.32 100.97 100.36 100.06 99.71 99.95 99.28 
    Stoichiometry on basis 6 oxygen 
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.04 0.03 0.03 
Mg 0.83 0.84 0.84 0.83 0.84 0.89 0.85 0.86 0.85 0.97 0.86 0.89 0.89 
Al 0.11 0.11 0.11 0.11 0.12 0.12 0.09 0.11 0.14 0.09 0.09 0.10 0.10 
Si 1.94 1.94 1.94 1.94 1.93 1.93 1.95 1.94 1.91 1.94 1.95 1.95 1.96 
Ca 0.86 0.85 0.79 0.84 0.82 0.77 0.89 0.84 0.84 0.71 0.86 0.83 0.79 
Ti 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 
Fe 0.20 0.21 0.25 0.23 0.24 0.21 0.16 0.21 0.22 0.24 0.19 0.19 0.20 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.00 4.00 4.00 4.01 4.00 4.00 4.00 4.02 4.01 4.01 4.01 4.00 
Mg# 80.35 80.11 77.16 78.57 77.67 80.65 83.91 80.26 79.30 80.10 81.97 82.37 81.52 
En% 43.95 44.16 44.69 43.74 44.19 47.55 44.70 45.18 44.47 50.52 45.12 46.54 47.28 
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Table D7 cont.: Mineral chemistry of clinopyroxene measured in the TU of the VSF2 borehole. 
Sample FT4203E_N FT4203E_N FT4203E_N FT1046 FT1046 JD05 FT1069 JD06 JD06 JD06 FT1093 FT1093 FT1093 FT1093 FT1096 
#CPX 1 2 3 1 2 1 1 1 2 3 1 2 3 1 1 
VSF2_M 90.79 90.79 90.79 113.89 113.89 136.05 149 159.8 159.8 159.8 189 189 189 189 197.34 
BV1_C 2812.475 2812.475 2812.475 2835.59 2835.59 2857.75 2870.7 2881.5 2881.5 2881.5 2910.7 2910.7 2910.7 2910.7 2910.7 
BV1_GC 2812.475 2812.475 2812.475 2836.79 2836.79 2858.95 2886.51 2898.06 2898.06 2898.06 2936.6 2936.6 2936.6 2936.6 2936.6 
UZ-MZb -1236.675 -1236.675 -1236.675 -1259.8 -1259.8 -1282 -1294.9 -1305.7 -1305.7 -1305.7 -1334.9 -1334.9 -1334.9 -1334.9 -1334.9 
Strat  TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith  olN olN olN olN olN troc N troc troc troc olGN olGN olGN olGN olN 
Min cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx 
n 3 4 3 3 3 3 4 5 5 4 4 3 5 2 3 
Na2O (wt.%) 0.42 0.40 0.42 0.28 0.39 0.34 0.33 0.32 0.34 0.32 0.38 0.35 0.36 0.32 0.37 
MgO 15.51 16.12 15.50 16.05 15.80 15.61 15.43 15.07 14.89 14.93 15.81 15.59 16.85 16.75 15.89 
Al2O3 2.50 2.36 2.06 1.52 2.43 2.60 3.11 2.53 2.53 2.37 2.82 2.96 2.18 2.37 2.67 
SiO2 52.75 52.72 52.85 54.11 52.54 52.16 50.92 52.60 52.12 52.40 51.18 50.91 52.33 52.10 52.47 
CaO 21.73 20.30 21.57 22.46 21.00 21.72 20.80 21.52 20.14 21.26 20.56 21.12 19.38 19.10 21.91 
TiO2 0.53 0.44 0.29 0.10 0.67 0.62 0.56 0.73 0.72 0.62 0.58 0.63 0.57 0.52 0.70 
Cr2O3 0.22 0.16 0.16 0.00 0.14 0.09 0.07 0.10 0.10 0.09 0.08 0.08 0.08 0.06 0.21 
MnO 0.16 0.17 0.14 0.14 0.18 0.21 0.19 0.19 0.19 0.18 0.19 0.21 0.19 0.19 0.17 
Fe 6.00 6.56 6.21 5.53 6.64 6.28 7.05 7.02 7.63 6.98 7.07 6.68 7.59 7.79 6.02 
Ni 0.10 0.10 0.09 0.07 0.11 0.05 0.10 0.08 0.08 0.09 0.11 0.09 0.08 0.10 0.11 
Total 99.95 99.34 99.32 100.26 99.92 99.71 98.57 100.19 98.77 99.27 98.81 98.64 99.65 99.32 100.53 
   Stoichiometry on basis 6 oxygen  
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.03 
Mg 0.85 0.89 0.86 0.87 0.87 0.86 0.86 0.83 0.83 0.83 0.88 0.87 0.93 0.93 0.87 
Al 0.11 0.10 0.09 0.07 0.11 0.11 0.14 0.11 0.11 0.10 0.12 0.13 0.09 0.10 0.12 
Si 1.94 1.95 1.96 1.98 1.94 1.93 1.91 1.94 1.95 1.95 1.91 1.91 1.93 1.93 1.92 
Ca 0.86 0.80 0.86 0.88 0.83 0.86 0.84 0.85 0.81 0.85 0.82 0.85 0.77 0.76 0.86 
Ti 0.02 0.01 0.01 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Mn 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.18 0.20 0.19 0.17 0.20 0.19 0.22 0.22 0.24 0.22 0.22 0.21 0.23 0.24 0.18 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.00 4.00 4.00 4.00 4.01 4.02 4.00 3.99 3.99 4.02 4.02 4.01 4.01 4.01 
Mg# 82.18 81.42 81.64 83.81 80.91 81.61 79.62 79.29 77.65 79.21 79.94 80.61 79.82 79.32 82.49 
En% 44.97 46.87 44.95 45.46 45.63 44.94 44.96 43.71 44.28 43.74 45.77 45.16 48.08 48.06 45.38 
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Table D7 cont.: Mineral chemistry of clinopyroxene measured in the TU of the VSF2 borehole. 
Sample FT1107 JD20 JD20 JD20 JD21 JD21 JD21 FT1143 FT1143 FT1146 FT1146 FT1146 FT1146 FT1146 JD25 JD25 JD25 
#CPX 1 1 2 3 1 2 3 1 2 1 2 3 4 5 1 2 3 
VSF2_M 210.5 246.86 246.86 246.86 246.91 246.91 246.91 257.44 257.44 246.26 246.26 246.26 246.26 246.26 268.46 268.46 268.46 
BV1_C 2910.7 2968.56 2968.56 2968.56 2968.51 2968.51 2968.56 2979.19 2979.19 2986.16 2986.16 2986.16 2986.16 2986.16 2990.16 2990.16 2990.16 
BV1_GC 2936.6 2994.46 2994.46 2994.46 2994.41 2994.41 2994.46 3005.09 3005.09 3012.06 3012.06 3012.06 3012.06 3012.06 3016.06 3016.06 3016.06 
UZ-MZb -1334.9 -1392.8 -1392.8 -1392.8 -1392.7 -1392.7 -1392.8 -1403.4 -1403.4 -1410.4 -1410.4 -1410.4 -1410.4 -1410.4 -1414.4 -1414.4 -1414.4 
Strat  TU3 TU2 TU2 TU2 TU2 TU2 TU2 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Lith  troc olG olG olG GN GN GN GN olG olG olG olG olG olG olG olG olG 
Min cpx CPX CPX CPX cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx 
n 2 3 2 3 2 3 3 8 4 3 3 3 2 3 4 2 4 
Na2O (wt.%) 0.36 0.38 0.36 0.35 0.32 0.33 0.36 0.27 0.27 0.31 0.28 0.26 0.29 0.31 0.33 0.32 0.31 
MgO 15.85 14.81 15.21 15.88 14.65 15.34 15.10 15.26 16.25 15.46 16.48 16.94 16.82 16.00 16.27 16.19 16.00 
Al2O3 1.61 2.42 2.36 2.60 2.21 2.75 2.44 0.65 1.95 1.86 2.15 1.91 2.04 2.03 1.97 1.96 2.05 
SiO2 53.25 51.83 51.85 51.81 52.55 51.86 52.90 54.24 53.50 52.34 52.25 52.44 52.55 51.89 53.19 53.03 53.18 
CaO 21.88 21.28 20.18 18.88 21.44 19.86 20.66 22.43 20.22 21.76 18.92 18.69 18.24 19.60 20.74 20.96 21.24 
TiO2 0.28 0.71 0.54 0.51 0.59 0.55 0.47 0.08 0.38 0.35 0.37 0.26 0.27 0.30 0.32 0.33 0.30 
Cr2O3 0.00 0.20 0.23 0.23 0.10 0.18 0.34 0.04 0.06 0.06 0.04 0.02 0.03 0.02 0.02 0.00 0.04 
MnO 0.16 0.19 0.23 0.23 0.23 0.24 0.23 0.22 0.21 0.19 0.21 0.21 0.22 0.20 0.18 0.18 0.20 
Fe 5.73 7.50 7.81 8.56 7.76 8.59 8.44 6.55 7.00 6.58 8.36 8.21 8.29 7.39 6.74 6.61 6.45 
Ni 0.09 0.08 0.10 0.09 0.10 0.12 0.10 0.10 0.10 0.08 0.10 0.09 0.10 0.07 0.09 0.11 0.09 
Total 99.19 99.45 98.85 99.14 99.96 99.86 101.05 99.86 99.96 99.04 99.19 99.05 98.86 97.86 99.85 99.72 99.87 
    Stoichiometry on basis 6 oxygen 
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
Na 0.03 0.03 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Mg 0.87 0.82 0.85 0.88 0.81 0.85 0.83 0.84 0.89 0.86 0.91 0.94 0.93 0.90 0.89 0.89 0.88 
Al 0.07 0.11 0.10 0.11 0.10 0.12 0.11 0.03 0.08 0.08 0.09 0.08 0.09 0.09 0.09 0.09 0.09 
Si 1.97 1.93 1.94 1.93 1.95 1.93 1.94 2.00 1.97 1.95 1.94 1.95 1.96 1.95 1.96 1.96 1.96 
Ca 0.87 0.85 0.81 0.75 0.85 0.79 0.81 0.89 0.80 0.87 0.75 0.75 0.73 0.79 0.82 0.83 0.84 
Ti 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Cr 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.18 0.23 0.24 0.27 0.24 0.27 0.26 0.20 0.22 0.21 0.26 0.26 0.26 0.23 0.21 0.20 0.20 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.00 4.01 4.00 4.01 4.00 4.01 4.00 3.99 3.99 4.01 4.01 4.01 4.00 4.00 4.00 4.00 4.00 
Mg# 83.16 77.84 77.61 76.78 77.08 76.10 76.15 80.59 80.52 80.72 77.83 78.62 78.35 79.43 81.15 81.34 81.55 
En% 45.57 43.16 44.59 46.35 42.56 44.55 43.55 43.52 46.79 44.44 47.39 48.40 48.62 46.76 46.53 46.29 45.85 
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Appendix E 
Chapter 7: Whole rock and PGE geochemistry 
 
E.1 Whole rock and PGE+Au data tables of field 
samples: Upper Zone, Main Zone, granitic and felsic 
intrusions and xenoliths 
 
Whole rock and PGE data presented here are all hydrous (LOI included), please see 
Supplementary Appendixes for hydrous and anhydrous datasheets. Abbreviations are 
as used in the text and given in Abbreviations and List of Mineral compositions. 
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Table E1: Whole rock (hydrous) and PGE assay of UZ and TU samples from the VSF 
study area. 
 
  BK082 BK081 BK073 BK074 BK075 BK018 BK019 BK076 BK078A BK079 
VSF2 nd float 217.20 217.20 217.20 226.48 226.48 nd nd float 
BV1_GC nd nd 2964.80 2964.80 2964.80 2974.08 2974.08 nd nd nd 
UZ-MZb nd nd -1363.10 -1363.10 -1363.10 -1372.38 -1372.38 nd nd nd 
STRAT UZ TU TU2/TU3 TU2/TU3 TU2/TU3 TU2/TU3 TU2/TU3 TU TU TU 
Sample outcrop float outcrop outcrop outcrop float float outcrop outcrop float 
Lithology mag TROC AN TROC AN TROC AN AN AN mag 
SiO2 (wt.%) 1.58 46.91 48.03 49.69 47.94 43.19 50.92 48.16 48.73 1.80 
TiO2 10.92 0.05 0.09 0.09 0.08 0.03 0.16 0.11 0.07 11.10 
Al2O3 3.60 21.00 29.17 24.21 28.43 19.17 29.56 26.97 27.73 3.35 
Fe2O3T 82.85 6.27 3.99 4.49 2.27 9.20 1.02 2.15 3.78 81.94 
MnO 0.17 0.08 0.03 0.05 0.03 0.13 0.02 0.04 0.02 0.26 
MgO 0.15 9.90 1.31 5.03 0.96 13.46 0.08 1.76 0.37 0.47 
CaO 0.08 11.82 14.38 12.29 14.04 9.86 12.80 12.10 16.60 0.07 
Na2O -0.35 1.66 2.40 2.20 2.41 1.21 2.75 3.11 1.81 -0.31 
K2O 0.00 0.14 0.17 0.17 0.19 0.07 1.15 0.25 0.09 0.00 
P2O5 0.02 0.01 0.01 0.04 0.02 0.04 0.04 0.05 0.03 0.01 
LOI 1.49 2.26 0.59 2.69 4.26 4.01 1.95 6.42 0.83 0.04 
Total 100.51 100.11 100.17 100.95 100.65 100.35 100.44 101.10 100.06 98.73 
Sc (ppm) 23.98 6.30 5.50 4.71 2.52 3.96 0.71 6.22 1.84 21.70 
V 8779.36 21.13 31.50 17.05 19.79 10.76 16.86 35.29 11.89 7465.49 
Cr 1380.90 71.55 48.16 17.68 11.84 42.51 21.89 34.14 1.06 3397.16 
Co 81.60 65.80 29.12 24.20 25.17 90.48 2.10 8.85 344.21 195.92 
Ni 280.04 394.34 1616.34 190.77 818.88 817.82 58.94 68.68 4673.69 526.28 
Cu 95.96 56.81 2759.96 72.95 1288.46 61.22 23.79 13.56 192.90 91.39 
Zn bdl bdl 10.17 13.89 10.67 65.51 30.15 10.99 bdl bdl 
Ga 37.75 12.60 15.86 11.66 17.08 10.35 19.13 18.30 16.12 39.19 
Ge na na 0.53 0.41 0.44 na na 0.43 na na 
Rb 0.33 6.73 1.28 1.26 1.13 0.94 62.24 3.10 1.82 0.56 
Sr 2.61 203.34 256.52 190.85 290.59 179.74 317.90 322.28 253.55 5.94 
y 0.70 1.43 2.14 1.03 1.47 1.17 3.35 2.26 1.58 0.86 
Zr 44.52 4.59 5.42 2.09 1.49 7.26 25.10 7.07 5.26 69.35 
Nb 3.35 0.39 0.27 0.12 0.11 1.08 2.04 0.33 5.51 2.76 
Cs 0.02 0.34 0.23 0.26 0.23 0.10 1.32 0.37 0.12 0.04 
Ba 23.09 53.48 64.00 41.29 60.06 40.73 285.98 104.43 68.47 24.43 
La 0.17 1.30 1.74 1.33 1.97 1.36 6.73 2.76 2.01 0.35 
Ce 0.35 2.41 3.27 2.59 3.63 2.17 11.57 4.90 3.69 0.87 
Pr 0.04 0.28 0.37 0.27 0.40 0.26 1.28 0.61 0.41 0.07 
Nd 0.18 1.07 0.79 0.58 0.75 0.79 5.08 1.62 1.56 0.29 
Sm 0.05 0.23 0.22 0.13 0.16 0.24 1.15 0.38 0.28 0.06 
Eu 0.02 0.25 0.31 0.22 0.35 0.17 0.50 0.45 0.33 0.09 
Gd 0.06 0.25 0.29 0.16 0.24 0.14 0.69 0.43 0.28 0.10 
Tb 0.01 0.04 0.05 0.02 0.04 0.03 0.09 0.06 0.04 0.01 
Dy 0.07 0.27 0.32 0.15 0.22 0.15 0.51 0.40 0.24 0.08 
Ho 0.02 0.06 0.07 0.03 0.04 0.03 0.12 0.08 0.06 0.02 
Er 0.05 0.18 0.18 0.09 0.12 0.08 0.30 0.23 0.18 0.06 
Tm 0.01 0.03 0.03 0.01 0.02 0.01 0.04 0.04 0.03 0.01 
Yb 0.06 0.17 0.19 0.10 0.11 0.09 0.29 0.24 0.17 0.06 
Lu 0.01 0.03 0.03 0.01 0.02 0.02 0.04 0.04 0.02 0.01 
Hf 0.83 0.10 0.13 0.05 0.06 0.19 0.65 0.19 0.10 1.26 
Ta 0.18 0.02 0.03 0.02 0.02 0.04 0.24 0.05 0.46 0.15 
Pb 0.17 0.44 7.24 3.05 5.61 0.23 2.02 3.21 bdl bdl 
Th 0.51 2.64 0.16 0.08 0.08 0.29 2.39 0.37 0.38 3.23 
U 0.09 0.05 0.32 0.30 0.33 0.05 0.65 0.15 0.10 0.18 
Os (ppb) nd nd 1.14 1.18 0.09 0.52 0.03 0.09 nd nd 
Ir nd nd 1.03 2.12 0.05 0.38 0.07 0.06 nd nd 
Ru nd nd 5.19 3.49 0.19 3.15 0.30 0.14 nd nd 
Rh nd nd 6.75 17.29 0.35 0.58 0.33 0.47 nd nd 
Pt nd nd 66.14 203.50 3.47 4.08 1.67 1.83 nd nd 
Pd nd nd 26.25 599.83 3.13 8.17 1.30 2.09 nd nd 
Au nd nd 0.72 23.24 0.26 0.56 0.51 13.60 nd nd 
Pt/Pd nd nd 2.52 0.34 1.11 0.50 1.29 0.88 nd nd 
PPGE/IPGE nd nd 13.48 120.91 20.67 3.17 8.15 14.86 nd nd 
Cu/Pd nd nd 102545.01 130.68 402993.06 7828.50 14799.32 6763.10 nd nd 
Pd/Ir nd nd 25.56 283.13 60.30 21.55 19.76 34.78 nd nd 
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Table E2: Whole rock and PGE assay (hydrous) of Main Zone samples (below) the TU 
from the VSF study area. 
  
  BK015 BK016 BK071_A BK014 BK013 BK070 BK072 BK069 BK027A 
VSF2 390.27 390.27 390.27 411.66 412.04 412.04 422.82 423.21 431.56 
BV1_GC 3137.87 3137.87 3137.87 3159.26 3159.64 3159.64 3170.42 3170.81 3179.16 
UZ-MZb -1536.17 -1536.17 -1536.17 -1557.56 -1557.94 -1557.94 -1568.72 -1569.11 -1577.46 
STRAT MZ MZ MZ MZ MZ MZ MZ MZ MZ 
Sample outcrop outcrop outcrop outcrop outcrop outcrop outcrop outcrop outcrop 
Lithology GN GN GN GN An GN GN GN G 
SiO2 (wt.%) 51.80 52.29 50.94 52.30 49.46 51.42 50.18 52.15 50.69 
TiO2 0.20 0.14 0.17 0.15 0.09 0.14 0.18 0.17 0.10 
Al2O3 19.61 19.47 18.36 18.09 27.81 21.42 21.57 20.95 26.38 
Fe2O3T 5.15 5.18 5.93 6.16 1.32 4.60 5.49 5.62 2.32 
MnO 0.12 0.12 0.09 0.14 0.08 0.10 0.12 0.10 0.04 
MgO 6.99 6.85 7.69 7.61 0.72 5.10 5.19 5.65 1.31 
CaO 13.38 13.07 12.51 13.46 12.13 11.96 12.43 12.22 14.91 
Na2O 2.39 2.35 2.25 2.24 2.95 2.42 2.61 2.69 3.01 
K2O 0.38 0.33 0.18 0.33 1.92 0.25 0.30 0.28 0.40 
P2O5 0.02 0.01 0.05 0.02 0.05 0.05 0.05 0.05 0.02 
LOI 0.48 0.39 0.92 0.57 3.82 1.76 1.16 1.49 0.68 
Total 100.51 100.20 99.09 101.07 100.36 99.24 99.29 101.38 99.85 
Sc (ppm) 31.63 29.87 26.83 34.09 1.46 19.68 24.03 22.71 6.95 
V 132.18 123.03 106.14 132.44 11.45 90.24 97.90 98.00 33.27 
Cr 124.85 84.79 73.15 101.92 3.01 43.26 44.79 43.08 7.69 
Co 35.41 36.99 33.75 42.96 3.62 26.26 30.33 31.17 9.92 
Ni 70.15 61.54 117.07 101.88 13.31 101.92 100.48 92.83 19.41 
Cu 30.46 29.73 22.07 47.79 57.09 11.50 15.69 31.27 20.61 
Zn 66.75 87.49 31.01 91.80 46.91 177.62 23.68 23.90 84.68 
Ga 15.92 15.61 11.71 14.14 19.64 14.09 15.09 15.11 21.86 
Ge 0.65 0.65 0.69 0.90 na 0.59 0.62 0.86 0.37 
Rb 5.16 3.75 2.47 3.83 136.30 4.22 4.09 5.26 3.90 
Sr 250.21 242.69 195.70 236.11 679.17 227.60 241.76 246.60 376.36 
y 7.15 5.33 4.51 5.58 1.94 6.02 5.24 4.93 3.06 
Zr 15.19 8.30 7.16 14.04 11.47 17.06 12.38 11.35 18.55 
Nb 1.02 0.50 0.31 0.53 1.61 0.77 0.61 0.53 1.45 
Cs 0.30 0.22 0.31 0.25 2.78 0.36 0.35 0.44 0.34 
Ba 76.03 73.58 60.91 63.61 354.55 68.55 65.53 70.55 106.04 
La 4.05 2.58 1.85 2.35 4.24 3.89 2.88 2.57 2.93 
Ce 8.14 5.06 3.92 4.84 6.56 7.94 5.78 5.30 5.23 
Pr 1.04 0.69 0.50 0.61 0.73 0.96 0.72 0.64 0.63 
Nd 5.41 3.82 1.54 3.51 3.02 3.15 2.19 1.99 1.84 
Sm 1.48 1.01 0.49 0.98 0.71 0.80 0.58 0.54 0.44 
Eu 0.45 0.40 0.35 0.39 0.52 0.37 0.38 0.41 0.48 
Gd 0.87 0.56 0.54 0.59 0.37 0.81 0.67 0.61 0.42 
Tb 0.15 0.09 0.10 0.10 0.06 0.13 0.11 0.10 0.07 
Dy 0.91 0.56 0.71 0.65 0.28 0.88 0.78 0.70 0.46 
Ho 0.23 0.18 0.14 0.18 0.06 0.18 0.15 0.14 0.09 
Er 0.71 0.46 0.39 0.53 0.14 0.51 0.44 0.40 0.25 
Tm 0.11 0.07 0.07 0.08 0.02 0.08 0.07 0.07 0.04 
Yb 0.65 0.54 0.45 0.48 0.13 0.54 0.48 0.48 0.27 
Lu 0.11 0.06 0.06 0.07 0.02 0.08 0.07 0.07 0.04 
Hf 0.46 0.26 0.22 0.37 0.23 0.48 0.36 0.32 0.41 
Ta 0.07 0.04 0.13 0.04 0.11 0.08 0.06 0.05 0.06 
Pb 3.68 2.96 3.10 3.05 4.02 4.07 3.17 14.38 2.87 
Th 0.53 0.42 0.20 0.43 0.69 0.79 0.56 0.32 0.39 
U 0.21 0.09 0.34 0.07 0.19 0.49 0.38 0.39 0.07 
Os (ppb) 0.03 0.03 nd 0.03 nd 0.04 0.05 nd nd 
Ir 0.10 0.07 nd 0.06 nd 0.05 0.04 nd nd 
Ru 0.18 0.38 nd 0.29 nd 0.12 0.05 nd nd 
Rh 0.14 0.52 nd 0.10 nd 0.34 0.28 nd nd 
Pt 1.82 2.84 nd 1.32 nd 1.40 2.87 nd nd 
Pd 1.69 1.88 nd 1.47 nd 0.60 2.51 nd nd 
Au 0.63 0.59 nd 0.94 nd 0.25 0.05 nd nd 
Pt/Pd 1.08 1.51 nd 0.90 nd 2.32 1.14 nd nd 
PPGE/IPGE 11.65 10.97 nd 7.49 nd 11.02 40.96 nd nd 
Cu/Pd 19869.03 16227.68 nd 34559.63 nd 18318.17 7102.84 nd nd 
Pd/Ir 16.27 26.18 nd 25.56 nd 11.32 65.85 nd nd 
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Table E2 cont.: Whole rock and PGE assay of Main Zone samples (below) the TU from 
the VSF study area. 
 
  BK027C BK041 BK043 BK063 BK066 BK068 BK038 BK039 BK008 
VSF2 431.56 431.56 431.56 433.80 444.42 444.42 445.54 445.54 477.91 
BV1_GC 3179.16 3179.16 3179.16 3181.40 3192.02 3192.02 3193.14 3193.14 3225.51 
UZ-MZb -1577.46 -1577.46 -1577.46 -1579.70 -1590.32 -1590.32 -1591.44 -1591.44 -1623.81 
STRAT MZ MZ MZ MZ MZ MZ MZ MZ MZ 
Sample outcrop outcrop float outcrop float outcrop float outcrop float 
Lithology G GN G GN G GN An GN An 
SiO2 (wt.%) 48.32 51.04 49.05 53.28 49.43 49.71 49.91 49.69 50.68 
TiO2 0.14 0.14 0.17 0.16 0.13 0.14 0.06 0.07 0.07 
Al2O3 25.96 20.61 19.85 21.40 25.95 23.29 27.80 23.72 27.94 
Fe2O3T 1.35 4.54 3.96 4.38 3.34 4.92 1.19 2.90 1.19 
MnO 0.20 0.12 0.09 0.12 0.06 0.11 0.03 0.13 0.03 
MgO 0.71 5.87 5.79 5.08 2.71 5.31 0.88 3.36 0.76 
CaO 14.47 12.89 15.95 12.23 13.56 12.59 12.44 13.52 13.31 
Na2O 3.03 2.49 2.39 2.54 3.31 2.43 3.17 2.59 3.62 
K2O 0.67 0.22 0.97 0.44 0.48 0.20 0.82 0.32 0.72 
P2O5 0.03 0.03 0.05 0.07 0.06 0.04 0.03 0.03 0.01 
LOI 4.12 0.79 0.72 0.84 0.43 1.99 3.10 1.99 2.73 
Total 98.98 98.74 98.99 100.53 99.47 100.73 99.44 98.30 101.06 
Sc (ppm) 3.36 25.17 27.33 21.68 6.82 21.68 2.49 15.66 2.19 
V 24.25 111.61 144.96 98.99 38.55 97.27 17.36 65.11 16.68 
Cr 27.06 49.80 50.65 43.35 16.83 46.29 6.13 30.13 10.47 
Co 3.69 21.76 24.52 26.30 13.98 28.93 4.98 14.86 6.97 
Ni 129.99 100.81 64.91 96.68 27.05 101.62 25.62 118.67 45.27 
Cu 6.39 10.64 31.34 39.23 38.18 4.59 18.92 30.89 18.35 
Zn 15.96 22.93 39.02 57.81 15.83 15.31 20.66 42.40 83.67 
Ga 21.67 13.77 13.09 15.21 18.90 14.37 19.57 15.45 20.25 
Ge 0.40 0.56 0.62 0.59 0.41 0.56 na na 0.25 
Rb 10.98 3.87 44.56 19.56 9.42 4.54 61.02 15.55 29.82 
Sr 383.80 226.42 299.52 241.36 322.07 231.26 374.37 282.68 370.22 
y 3.00 4.99 5.02 4.73 2.75 5.11 1.92 3.20 1.64 
Zr 21.83 18.22 12.75 9.38 17.10 12.41 20.41 3.68 8.62 
Nb 2.33 1.01 0.84 0.66 1.08 0.56 0.79 0.56 0.46 
Cs 0.58 0.28 20.62 1.23 0.89 0.38 1.73 1.42 1.74 
Ba 124.54 67.91 122.06 125.84 106.29 62.58 216.21 111.34 146.89 
La 4.31 2.11 2.42 2.10 3.45 2.69 2.66 2.13 3.08 
Ce 7.75 4.16 5.16 4.24 6.37 5.53 4.41 3.76 5.73 
Pr 0.93 0.56 0.71 0.53 0.72 0.68 0.53 0.50 0.65 
Nd 2.86 1.83 2.56 1.58 1.96 2.08 2.31 2.02 3.37 
Sm 0.60 0.57 0.71 0.47 0.37 0.56 0.63 0.51 0.64 
Eu 0.56 0.38 0.42 0.39 0.46 0.35 0.47 0.36 0.46 
Gd 0.54 0.61 0.73 0.57 0.44 0.66 0.26 0.45 0.38 
Tb 0.08 0.11 0.12 0.09 0.06 0.11 0.05 0.08 0.05 
Dy 0.52 0.77 0.84 0.70 0.41 0.77 0.28 0.50 0.25 
Ho 0.09 0.15 0.16 0.13 0.09 0.15 0.05 0.11 0.05 
Er 0.27 0.44 0.45 0.40 0.25 0.42 0.12 0.26 0.14 
Tm 0.04 0.07 0.07 0.06 0.04 0.07 0.02 0.04 0.03 
Yb 0.28 0.47 0.44 0.41 0.27 0.47 0.12 0.26 0.13 
Lu 0.03 0.07 0.07 0.06 0.04 0.07 0.02 0.04 0.03 
Hf 0.56 0.46 0.41 0.27 0.81 0.33 0.40 0.10 0.19 
Ta 0.10 0.07 0.06 0.05 0.09 0.06 0.05 0.04 0.03 
Pb 3.34 3.51 4.07 20.55 3.69 3.11 1.11 1.46 3.98 
Th 0.91 0.37 0.21 0.40 0.73 0.58 0.38 0.35 0.28 
U 0.22 0.08 0.06 0.31 0.45 0.43 0.13 0.09 0.05 
Os (ppb) nd nd nd nd nd nd 0.18 0.05 0.03 
Ir nd nd nd nd nd nd 0.13 0.05 0.03 
Ru nd nd nd nd nd nd 0.28 0.21 0.28 
Rh nd nd nd nd nd nd 0.26 0.28 0.27 
Pt nd nd nd nd nd nd 2.46 2.63 2.67 
Pd nd nd nd nd nd nd 1.34 1.98 1.42 
Au nd nd nd nd nd nd 0.41 0.42 0.86 
Pt/Pd nd nd nd nd nd nd 1.84 1.32 1.89 
PPGE/IPGE nd nd nd nd nd nd 6.86 15.71 12.98 
Cu/Pd nd nd nd nd nd nd 11727.83 15865.17 11953.66 
Pd/Ir nd nd nd nd nd nd 10.37 36.33 45.09 
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Table E2 cont.: Whole rock and PGE assay of Main Zone samples (below) the TU from 
the VSF study area. 
 
  BK046 BK052 BK007 BK033 BK034 BK035 BK060 BK065 BK037 
VSF2 477.92 479.84 481.76 481.76 481.76 481.76 481.76 499.13 499.13 
BV1_GC 3225.52 3227.54 3229.36 3229.36 3229.36 3229.36 3229.36 3246.73 3246.73 
UZ-MZb -1623.82 -1625.84 -1627.66 -1627.66 -1627.66 -1627.66 -1627.66 -1645.03 -1645.03 
STRAT MZ MZ MZ MZ MZ MZ MZ MZ MZ 
Sample outcrop float float float float float float float outcrop 
Lithology N GN An An GN GN GN GN N 
SiO2 (wt.%) 51.46 51.45 51.42 50.47 50.73 50.67 50.75 52.29 51.53 
TiO2 0.14 0.16 0.08 0.12 0.11 0.05 0.15 0.10 0.11 
Al2O3 26.33 21.02 26.43 29.57 20.94 26.08 21.89 21.89 25.33 
Fe2O3T 3.14 5.26 1.39 1.46 4.68 2.17 5.17 3.78 3.73 
MnO 0.07 0.10 0.06 0.03 0.15 0.08 0.10 0.11 0.07 
MgO 2.75 5.77 0.65 0.50 5.25 1.97 5.68 4.44 3.18 
CaO 12.43 12.41 11.26 13.54 13.59 12.53 12.88 13.58 12.84 
Na2O 3.04 2.60 3.29 2.98 2.39 2.87 2.50 2.62 2.65 
K2O 0.28 0.25 2.72 0.20 0.38 0.41 0.27 0.21 0.23 
P2O5 0.05 0.06 0.03 0.04 0.03 0.03 0.04 0.02 0.04 
LOI 0.72 2.00 3.56 0.55 2.11 2.13 1.78 0.59 0.66 
Total 100.40 101.09 100.88 99.47 100.37 98.99 101.21 99.64 100.39 
Sc (ppm) 10.48 22.55 1.23 2.27 26.37 7.68 21.04 17.84 12.06 
V 55.69 105.46 11.67 19.63 116.69 33.10 108.13 81.68 62.28 
Cr 35.44 47.91 3.58 26.94 62.90 17.83 50.55 39.97 23.07 
Co 15.55 21.68 6.01 5.08 26.65 8.50 31.64 21.04 19.66 
Ni 88.22 95.64 6.28 130.89 191.00 62.10 166.98 129.34 52.10 
Cu 16.46 8.50 28.16 28.39 66.15 91.50 71.57 16.69 42.50 
Zn 30.97 37.40 79.87 41.03 88.19 36.74 29.60 108.34 40.59 
Ga 18.35 15.95 21.72 20.17 15.20 15.96 15.93 14.57 18.03 
Ge 0.44 0.67 0.27 na na na 0.66 0.59 na 
Rb 5.40 5.39 169.63 4.62 23.10 23.38 3.37 5.02 5.97 
Sr 311.38 265.25 748.64 371.01 268.31 310.67 253.88 240.63 331.45 
y 4.11 4.98 1.52 2.61 5.42 2.07 5.32 3.83 4.45 
Zr 18.12 14.63 18.46 15.54 10.42 3.10 12.61 9.24 8.13 
Nb 0.75 0.95 1.28 1.49 0.80 0.56 0.67 0.57 0.80 
Cs 0.62 0.44 2.04 0.34 1.22 2.75 0.30 0.59 0.33 
Ba 99.47 75.59 291.90 117.97 154.10 148.63 77.62 78.17 96.57 
La 3.61 2.87 4.71 3.77 2.48 1.94 2.68 1.75 3.62 
Ce 6.47 5.43 7.45 6.80 4.96 3.34 5.46 3.62 6.69 
Pr 0.82 0.69 0.77 0.81 0.66 0.39 0.69 0.45 0.86 
Nd 2.49 2.17 3.93 2.85 2.75 1.47 2.20 1.14 2.96 
Sm 0.61 0.61 0.66 0.69 0.79 0.37 0.61 0.34 0.96 
Eu 0.48 0.43 0.56 0.54 0.43 0.37 0.39 0.36 0.46 
Gd 0.58 0.64 0.32 0.50 0.69 0.26 0.69 0.47 0.66 
Tb 0.09 0.12 0.05 0.07 0.13 0.06 0.11 0.08 0.11 
Dy 0.67 0.80 0.23 0.41 0.80 0.31 0.82 0.57 0.69 
Ho 0.13 0.15 0.05 0.08 0.18 0.06 0.17 0.11 0.15 
Er 0.36 0.47 0.15 0.21 0.48 0.14 0.45 0.31 0.42 
Tm 0.06 0.08 0.02 0.03 0.07 0.02 0.08 0.05 0.06 
Yb 0.38 0.51 0.12 0.18 0.45 0.16 0.49 0.34 0.37 
Lu 0.06 0.06 0.02 0.03 0.07 0.03 0.07 0.05 0.06 
Hf 0.44 0.43 0.41 0.34 0.23 0.07 0.35 0.24 0.17 
Ta 0.07 0.07 0.08 0.09 0.05 0.04 0.05 0.04 0.06 
Pb 4.33 3.40 6.13 1.27 2.62 1.31 4.11 12.11 1.23 
Th 0.55 0.54 0.55 2.48 0.86 0.46 0.43 0.27 0.66 
U 0.16 0.14 0.16 0.18 0.11 0.06 0.20 0.34 0.16 
Os (ppb) nd nd 0.02 nd nd 0.03 nd nd 0.03 
Ir nd nd 0.04 nd nd 0.09 nd nd 0.07 
Ru nd nd 0.09 nd nd 0.24 nd nd 0.32 
Rh nd nd 0.10 nd nd 0.19 nd nd 0.41 
Pt nd nd 1.06 nd nd 1.05 nd nd 4.80 
Pd nd nd 0.93 nd nd 0.36 nd nd 3.88 
Au nd nd 0.29 nd nd 0.34 nd nd 0.76 
Pt/Pd nd nd 1.14 nd nd 2.90 nd nd 1.24 
PPGE/IPGE nd nd 14.24 nd nd 4.47 nd nd 21.54 
Cu/Pd nd nd 33326.11 nd nd 263916.95 nd nd 11692.42 
Pd/Ir nd nd 26.17 nd nd 4.24 nd nd 52.69 
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Table E2 cont.: Whole rock and PGE assay of Main Zone samples (below) the TU from 
the VSF study area. 
 
  BK009 BK061A BK061B BK062 BK064 
VSF2 499.13 499.69 499.69 509.74 509.74 
BV1_GC 3246.73 3247.29 3247.29 3257.34 3257.34 
UZ-MZb -1645.03 -1645.59 -1645.59 -1655.64 -1655.64 
STRAT MZ MZ MZ MZ MZ 
Sample outcrop float float outcrop outcrop 
Lithology GN G GN GN GN 
SiO2 (wt.%) 51.42 49.92 50.32 51.22 51.86 
TiO2 0.20 0.14 0.10 0.13 0.13 
Al2O3 18.18 21.43 23.51 20.33 20.09 
Fe2O3T 5.56 5.00 3.40 5.03 5.79 
MnO 0.13 0.10 0.11 0.12 0.16 
MgO 5.90 5.07 4.12 6.30 6.31 
CaO 14.63 13.70 13.08 13.67 11.68 
Na2O 2.23 3.03 2.78 2.69 2.32 
K2O 0.32 0.64 0.32 0.35 0.31 
P2O5 0.02 0.04 0.04 0.04 0.04 
LOI 0.85 0.51 2.00 0.48 0.74 
Total 99.44 99.59 99.79 100.37 99.43 
Sc (ppm) 35.62 24.45 16.90 24.86 20.37 
V 153.24 95.15 83.53 96.15 102.00 
Cr 46.47 38.55 33.52 42.01 47.14 
Co 34.92 26.88 21.52 29.64 31.54 
Ni 51.35 91.55 80.26 115.81 116.44 
Cu 49.62 31.94 63.43 15.05 55.12 
Zn 100.00 57.65 28.53 26.12 198.64 
Ga 14.94 14.96 16.54 15.08 14.25 
Ge 0.71 0.56 0.54 0.53 0.67 
Rb 3.12 19.85 7.75 7.30 17.49 
Sr 225.54 262.86 276.21 245.08 222.21 
y 7.12 4.80 3.89 4.11 4.78 
Zr 12.84 7.77 7.70 5.72 9.31 
Nb 0.47 0.47 0.47 0.34 0.48 
Cs 0.20 1.54 0.91 0.94 2.43 
Ba 79.25 127.25 93.38 68.43 149.53 
La 3.14 2.20 1.95 1.59 2.17 
Ce 6.65 4.40 3.90 3.21 4.36 
Pr 0.89 0.54 0.47 0.40 0.55 
Nd 5.02 1.63 1.22 1.03 1.63 
Sm 1.37 0.52 0.36 0.36 0.49 
Eu 0.45 0.40 0.38 0.36 0.37 
Gd 1.03 0.56 0.47 0.46 0.61 
Tb 0.16 0.10 0.08 0.08 0.10 
Dy 1.00 0.71 0.57 0.62 0.71 
Ho 0.24 0.14 0.11 0.12 0.14 
Er 0.73 0.41 0.31 0.33 0.41 
Tm 0.11 0.06 0.05 0.05 0.06 
Yb 0.71 0.42 0.34 0.37 0.44 
Lu 0.11 0.06 0.05 0.06 0.06 
Hf 0.44 0.23 0.24 0.18 0.27 
Ta 0.04 0.04 0.03 0.03 0.04 
Pb 4.20 23.20 5.68 9.76 7.32 
Th 0.31 0.31 0.24 0.18 0.34 
U 0.12 0.36 0.38 0.34 0.34 
Os (ppb) 0.02 nd nd nd nd 
Ir 0.03 nd nd nd nd 
Ru 0.28 nd nd nd nd 
Rh 0.17 nd nd nd nd 
Pt 2.09 nd nd nd nd 
Pd 0.65 nd nd nd nd 
Au 0.99 nd nd nd nd 
Pt/Pd 3.24 nd nd nd nd 
PPGE/IPGE 8.57 nd nd nd nd 
Cu/Pd 81923.96 nd nd nd nd 
Pd/Ir 20.46 nd nd nd nd 
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Table E3: Whole rock and PGE assay (hydrous) of granitic and felsic samples found in 
the study area. 
 
  BK071C BK005 BK021 BK025 BK017 BK023 BK002 BK010 
VSF2 390.27 431.56 431.56 431.56 444.42 444.42 447.25 509.74 
BV1_GC 3137.87 3179.16 3179.16 3179.16 3192.02 3192.02 3194.85 3257.34 
UZ-MZb -1536.17 -1577.46 -1577.46 -1577.46 -1590.32 -1590.32 -1593.15 -1655.64 
STRAT uncertain uncertain uncertain uncertain uncertain uncertain uncertain uncertain 
Sample outcrop outcrop outcrop float float float float outcrop 
Lithology intrusion dyke dyke vein vein granitic vein vein 
SiO2 (wt.%) 76.05 73.96 78.13 77.60 70.85 76.71 79.63 74.85 
TiO2 0.06 0.08 0.03 0.03 0.05 0.08 0.04 0.08 
Al2O3 10.76 10.74 12.41 12.61 15.42 12.76 11.42 10.50 
Fe2O3T 1.16 1.18 0.57 0.48 0.85 1.72 0.60 1.30 
MnO 0.02 0.03 0.01 0.01 0.03 0.01 0.01 0.02 
MgO 1.07 0.39 0.16 0.12 0.29 0.19 0.30 0.37 
CaO 8.02 9.37 1.89 1.15 5.57 0.90 1.73 4.90 
Na2O 1.45 0.93 5.77 6.19 4.05 3.30 5.94 4.56 
K2O 0.04 0.13 0.02 0.04 0.05 3.17 0.21 0.17 
P2O5 0.04 0.01 0.03 0.03 0.03 0.04 0.00 0.01 
LOI 0.90 2.37 1.26 0.86 1.47 0.76 0.91 2.55 
Total 99.55 99.20 100.29 99.11 98.66 99.65 100.80 99.33 
Sc (ppm) 1.04 1.27 0.06 0.30 1.30 1.51 0.93 1.04 
V 6.84 5.78 5.10 4.09 1.98 7.39 15.78 17.04 
Cr 15.52 12.88 14.00 14.74 21.37 25.93 7.39 39.39 
Co 1.68 5.16 3.30 0.86 1.48 1.27 2.62 4.33 
Ni 3.51 4.91 1.56 19.16 17.33 28.11 3.06 15.99 
Cu 8.29 94.00 78.23 37.97 22.56 36.10 18.62 37.15 
Zn 3.03 104.34 6.55 24.59 21.81 46.17 96.76 48.46 
Ga 13.19 17.19 21.59 19.65 14.87 19.29 23.02 11.72 
Ge 0.93 0.32 na na na na 0.32 0.27 
Rb 1.59 0.89 0.51 1.78 2.56 168.31 2.92 2.02 
Sr 18.63 87.77 72.99 59.65 191.62 94.78 55.23 367.50 
y 19.47 20.56 36.02 26.68 40.89 42.63 70.42 38.88 
Zr 115.92 368.99 232.76 193.83 96.42 251.52 114.85 123.69 
Nb 13.64 13.50 40.03 42.18 15.10 10.27 13.91 22.92 
Cs 0.44 0.20 0.16 0.17 0.25 1.49 0.22 0.11 
Ba 19.15 17.01 30.64 24.73 30.00 581.69 18.15 28.74 
La 6.63 51.27 3.74 4.37 17.86 110.56 25.85 40.17 
Ce 12.01 98.40 5.59 7.63 31.10 217.17 66.85 78.57 
Pr 1.19 9.94 0.71 0.96 3.37 24.67 7.84 8.74 
Nd 3.63 37.81 3.39 4.01 10.28 59.14 26.78 33.10 
Sm 1.02 6.42 0.90 0.86 2.70 15.00 8.09 7.44 
Eu 0.18 0.46 0.50 0.42 0.25 1.27 0.61 0.82 
Gd 1.26 4.13 2.43 1.87 3.20 11.53 9.47 6.24 
Tb 0.31 0.53 0.65 0.53 0.65 1.32 1.75 0.99 
Dy 2.59 2.82 5.73 4.78 4.82 7.10 12.13 6.83 
Ho 0.54 0.60 1.32 1.10 1.01 1.26 2.49 1.26 
Er 1.89 2.22 5.01 4.42 3.60 4.03 8.30 4.03 
Tm 0.39 0.37 0.85 0.80 0.67 0.62 1.57 0.66 
Yb 2.99 2.55 6.46 6.07 4.63 4.33 11.26 4.25 
Lu 0.48 0.46 0.96 0.91 0.76 0.75 1.63 0.65 
Hf 4.12 10.99 11.70 10.30 4.18 6.24 3.18 4.47 
Ta 1.84 1.05 3.60 5.22 1.78 1.10 0.86 2.07 
Pb 14.17 8.38 2.47 3.42 3.34 11.12 11.95 7.72 
Th 12.45 13.97 45.72 38.83 11.14 25.57 41.23 9.74 
U 4.74 3.42 8.38 11.10 4.37 2.49 6.92 8.28 
Os (ppb) 0.05 0.03 0.05 0.04 0.03 0.04 0.04 0.02 
Ir 0.04 0.07 0.09 0.07 0.07 0.06 0.03 0.03 
Ru 0.08 0.32 0.28 0.43 0.61 0.21 0.23 0.21 
Rh 0.15 0.21 0.25 0.16 0.32 0.09 0.12 0.10 
Pt 0.89 3.63 1.70 1.38 2.67 0.35 1.33 0.85 
Pd 0.08 4.41 1.35 0.24 2.75 0.27 0.86 0.93 
Au 0.11 1.69 0.58 0.51 1.46 0.32 0.65 1.16 
Pt/Pd 11.04 0.82 1.26 5.78 0.97 1.31 1.54 0.92 
PPGE/IPGE 6.65 19.85 7.89 3.23 8.09 2.33 7.83 7.15 
Cu/Pd 72872.56 21809.10 50807.80 228814.26 7311.05 129717.67 18492.57 43241.50 
Pd/Ir 1.98 66.78 15.48 3.25 40.01 4.40 28.08 28.19 
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Table E4: Whole rock and PGE assay (hydrous) of xenoliths found in the study area. 
 
  BK012 BK042 BK067 BK004 BK036 BK024 BK040 
VSF2 411.66 431.56 444.42 447.25 499.13 nd nd 
BV1_GC 3159.26 3179.16 3192.02 3194.85 3246.73 nd nd 
UZ-MZb -1557.56 -1577.46 -1590.32 -1593.15 -1645.03 nd nd 
STRAT MZ MZ MZ MZ MZ MZ MZ 
Sample float float float float float float float 
Lithology calc-sil GN? GN xeno meta sed calc-sil chert 
mafic 
xeno 
SiO2 
(wt.%) 
3.59 41.87 47.88 51.37 53.81 50.62 40.94 
TiO2 0.04 0.14 0.19 0.09 0.05 0.05 0.21 
Al2O3 1.09 13.95 13.85 26.80 19.87 20.03 12.61 
Fe2O3T 0.76 4.80 6.46 1.03 0.66 1.23 9.27 
MnO 0.04 0.12 0.13 0.03 0.03 0.04 0.73 
MgO 13.16 6.29 7.94 0.66 0.08 0.58 17.94 
CaO 39.48 31.81 18.88 14.06 21.93 21.69 17.52 
Na2O 0.01 0.07 1.83 3.02 0.00 0.03 0.01 
K2O 0.13 0.01 0.42 1.09 0.00 0.01 0.00 
P2O5 0.01 0.02 0.05 0.02 0.03 0.04 0.03 
LOI 42.66 0.57 2.21 2.59 3.92 4.85 1.61 
Total 100.97 99.66 99.83 100.76 100.40 99.17 100.87 
Sc (ppm) 1.15 34.25 43.55 1.22 6.47 9.43 4.18 
V 8.30 158.70 168.45 14.20 28.44 39.35 46.94 
Cr 7.63 159.56 72.55 2.79 17.25 48.62 22.88 
Co 3.08 22.48 35.55 6.94 2.71 12.48 20.00 
Ni 1.40 132.26 119.28 19.34 17.04 488.58 75.83 
Cu 10.63 8.04 7.54 29.80 17.49 133.56 29.27 
Zn 46.91 35.05 17.07 80.94 21.09 31.99 104.31 
Ga 1.64 10.05 11.67 19.76 15.16 26.37 16.35 
Ge 0.13 0.70 0.78 0.22 na na 0.83 
Rb 0.17 0.22 9.03 52.30 0.95 0.62 0.19 
Sr 62.00 6.33 292.95 307.43 14.95 16.12 5.07 
y 2.03 5.71 7.71 1.20 2.09 2.77 4.18 
Zr 12.55 8.95 8.50 34.97 8.13 9.32 3.02 
Nb 0.83 0.67 0.27 1.51 0.55 0.97 0.38 
Cs 0.03 0.16 0.88 1.92 0.12 0.09 0.18 
Ba 86.62 23.29 97.62 145.32 7.40 21.22 60.26 
La 2.65 1.60 2.59 3.90 1.97 3.27 2.99 
Ce 5.04 3.54 5.25 6.69 3.66 4.47 5.60 
Pr 0.52 0.53 0.78 0.73 0.47 0.50 0.79 
Nd 2.36 1.82 2.78 3.58 2.29 1.65 2.69 
Sm 0.51 0.70 0.86 0.65 0.56 0.48 0.67 
Eu 0.10 0.30 0.43 0.46 0.24 0.43 0.22 
Gd 0.33 0.72 0.91 0.31 0.35 0.41 0.60 
Tb 0.04 0.13 0.17 0.04 0.05 0.06 0.09 
Dy 0.27 0.93 1.20 0.20 0.30 0.37 0.61 
Ho 0.06 0.17 0.22 0.04 0.06 0.08 0.11 
Er 0.18 0.50 0.65 0.13 0.14 0.21 0.32 
Tm 0.03 0.08 0.10 0.02 0.02 0.03 0.05 
Yb 0.20 0.52 0.68 0.12 0.14 0.19 0.36 
Lu 0.03 0.07 0.10 0.03 0.02 0.03 0.06 
Hf 0.33 0.31 0.28 0.77 0.16 0.17 0.06 
Ta 0.03 0.04 0.03 0.12 0.04 0.07 0.03 
Pb 2.04 3.22 3.21 4.20 1.63 2.02 8.36 
Th 0.60 0.14 0.15 2.37 0.41 0.96 0.07 
U 0.06 0.04 0.34 0.36 0.08 0.13 0.07 
Os (ppb) 0.04 nd 0.06 0.03 0.02 0.04 nd 
Ir 0.06 nd 0.14 0.03 0.04 0.08 nd 
Ru 0.29 nd 0.23 0.10 0.25 0.45 nd 
Rh 0.25 nd 0.47 0.11 0.21 0.46 nd 
Pt 2.53 nd 1.65 0.94 1.53 2.88 nd 
Pd 1.23 nd 2.03 0.68 0.86 1.64 nd 
Au 0.85 nd 0.45 0.32 0.42 0.46 nd 
Pt/Pd 2.06 nd 0.81 1.39 1.79 1.76 nd 
PPGE/IPGE 10.20 nd 9.56 10.91 8.32 8.84 nd 
Cu/Pd 7515.82 nd 5273.63 31887.44 14828.94 80184.90 nd 
Pd/Ir 20.67 nd 14.00 19.71 21.11 21.47 nd 
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E.2 Whole rock and PGE+Au data tables of the TU: 
VSF2 and BV1 samples 
Table E5: Whole rock and PGE assay (hydrous) of TU samples of the VSF2 borehole. 
  FT1001 FT1002 FT1003 FT1006 FT1008 FT1010 FT1011 FT1012 FT1014 FT1017 
VSF2_M 8.07 15.5 27.95 36.84 39.87 44.55 52.59 55 57.84 61.44 
BV1_GC 2728 2735.16 2747.61 2756.5 2759.53 2764.21 2772.25 2774.66 2777.5 2781.1 
UZ-MZb -1154 -1161.4 -1173.85 -1182.74 -1185.77 -1190.45 -1198.49 -1200.9 -1203.74 -1207.34 
TU TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lith GN olGN GN N N GN N olGN XENO olGN 
SiO2 (wt.%) 51.04 48.92 49.60 49.28 50.70 49.59 48.31 47.92 42.58 45.80 
TiO2 0.12 0.15 0.15 0.12 0.10 0.12 0.19 0.10 0.05 0.08 
Al2O3 18.56 18.51 20.58 20.17 20.28 21.48 20.42 18.48 10.89 19.96 
Fe2O3 5.92 7.47 5.62 7.42 5.09 5.55 6.21 7.27 9.05 5.24 
MnO 0.10 0.14 0.10 0.12 0.07 0.10 0.08 0.11 0.21 0.10 
MgO 8.58 10.03 8.06 10.76 7.85 7.55 8.64 11.53 8.29 6.84 
CaO 12.32 12.13 11.97 10.64 9.37 11.98 9.06 10.33 12.68 12.21 
Na2O 1.77 1.44 1.51 1.60 1.49 1.83 1.41 2.13 0.10 2.05 
K2O 0.05 0.12 0.09 0.13 0.26 0.13 0.28 0.11 0.96 0.35 
P2O5 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.00 
LOI 1.70 1.43 1.39 0.65 4.78 0.86 5.15 1.51 15.41 7.97 
Total 100.18 100.34 99.07 100.89 100.00 99.20 99.77 99.50 100.23 100.59 
Sc (ppm) 16.59 21.17 18.30 13.92 10.22 11.31 13.10 9.79 4.26 8.33 
V 64.4 79.8 60.6 47.8 30.8 45.2 65.6 38.0 19.2 39.7 
Cr 659.9 610.2 464.0 340.3 265.3 258.5 381.4 210.8 51.3 226.2 
Co 46.3 58.7 37.1 53.9 23.8 43.0 30.0 53.7 28.7 77.9 
Ni 403.3 325.3 722.7 305.5 235.3 241.8 232.0 329.4 138.8 175.2 
Cu 58.2 23.1 128.4 58.4 32.8 75.6 33.9 30.1 41.1 23.7 
Zn 93.9 19.6 38.1 8.2 44.9 27.5 68.2 61.7 16.5 92.2 
Ga 13.04 12.98 10.61 11.38 10.70 13.57 12.77 12.17 7.29 12.77 
Ge na 0.44 1.00 0.51 na 0.61 na na 0.66 0.46 
Rb 0.69 2.53 1.10 1.83 2.10 2.33 3.69 4.09 46.53 9.08 
Sr 182.9 213.4 201.0 229.3 195.7 232.5 196.8 187.9 29.0 213.5 
Y 3.7 4.7 4.6 2.7 2.4 2.7 3.4 2.7 2.8 2.4 
Zr 12.1 15.9 4.3 10.6 3.8 5.2 11.3 5.0 6.7 4.8 
Nb 0.85 0.39 0.21 0.21 0.87 0.27 1.17 0.57 0.26 0.19 
Cs 0.16 0.35 0.21 0.25 0.83 0.17 1.30 0.66 6.19 0.68 
Ba 58.8 50.9 42.4 48.3 43.0 53.4 50.2 66.7 40.9 87.4 
La 2.61 2.43 2.37 1.66 2.22 2.28 3.13 2.26 0.77 1.56 
Ce 5.38 4.76 3.96 3.12 4.07 3.65 5.81 4.35 2.14 2.91 
Pr 0.60 0.63 0.58 0.33 0.45 0.50 0.67 0.47 0.29 0.29 
Nd 2.41 3.16 2.11 1.25 1.64 1.78 2.40 1.87 1.14 1.12 
Sm 0.55 0.64 0.69 0.32 0.31 0.42 0.47 0.40 0.37 0.36 
Eu 0.33 0.26 0.28 0.22 0.22 0.26 0.26 0.31 0.25 0.22 
Gd 0.61 0.69 0.67 0.32 0.30 0.41 0.46 0.45 0.39 0.32 
Tb 0.11 0.12 0.10 0.06 0.05 0.06 0.09 0.07 0.06 0.06 
Dy 0.70 0.67 0.66 0.35 0.29 0.41 0.55 0.46 0.39 0.37 
Ho 0.15 0.15 0.14 0.08 0.07 0.09 0.10 0.11 0.08 0.08 
Er 0.47 0.44 0.41 0.24 0.17 0.27 0.29 0.30 0.24 0.28 
Tm 0.07 0.07 0.06 0.04 0.02 0.04 0.05 0.05 0.04 0.05 
Yb 0.48 0.49 0.44 0.30 0.18 0.29 0.32 0.36 0.25 0.33 
Lu 0.07 0.07 0.06 0.04 0.03 0.05 0.06 0.06 0.03 0.04 
Hf 0.32 0.28 0.06 0.03 0.13 0.06 0.30 0.09 0.14 0.13 
Ta 0.08 0.03 0.02 0.02 0.05 0.02 0.06 0.03 0.02 0.01 
Pb 1.62 8.66 4.88 0.39 0.65 1.78 1.24 0.60 bdl 3.06 
Th 1.70 0.59 0.66 0.15 0.32 0.54 2.83 1.30 1.42 0.40 
U 0.33 0.06 0.04 0.03 0.06 0.06 0.09 0.08 0.04 0.04 
Os (ppb) nd nd 0.18 0.33 nd 0.30 nd 0.22 0.62 nd 
Ir nd nd 0.82 0.46 nd 0.64 nd 0.37 0.71 nd 
Ru nd nd 1.21 1.30 nd 1.82 nd 3.06 1.48 nd 
Rh nd nd 3.25 1.72 nd 2.55 nd 1.24 2.45 nd 
Pt nd nd 18.90 10.34 nd 8.74 nd 4.89 13.68 nd 
Pd nd nd 19.58 11.31 nd 5.35 nd 6.99 16.75 nd 
Au nd nd 1.53 0.85 nd 1.20 nd 0.58 2.17 nd 
Pt/Pd nd nd 0.97 0.91 nd 1.63 nd 0.70 0.82 nd 
PPGE/IPGE nd nd 18.87 11.17 nd 6.01 nd 3.60 11.67 nd 
Cu/Pd nd nd 6556.31 5165.64 nd 14135.91 nd 4302.55 2453.31 nd 
Pd/Ir nd nd 23.90 24.42 nd 8.35 nd 18.97 23.43 nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1019 FT1023 FT1026 JD1 FT1029 JD33 FT1031 JD30 JD35 FT4201 
VSF2_M 65.94 69.23 77.15 80.35 81.55 82.82 83.52 84.78 85.9 86.11 
BV1_GC 2785.6 2788.89 2796.81 2800.01 2801.21 2803.73 2804.43 2805.69 2806.81 2807.03 
UZ-MZb -1211.84 -1215.13 -1223.05 -1226.25 -1227.45 -1228.72 -1229.42 -1230.68 -1231.8 -1232.02 
TU TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lith olGN N N olGN N An N An  olN olN 
SiO2 (wt.%) 48.38 49.86 48.50 45.93 49.82 50.21 50.67 47.55 47.53 46.12 
TiO2 0.08 0.11 0.07 0.14 0.16 0.04 0.04 0.06 0.10 0.11 
Al2O3 20.20 19.10 24.57 17.40 23.61 29.03 27.36 29.56 14.88 8.47 
Fe2O3 7.25 6.32 3.25 9.34 4.66 1.29 1.63 1.86 9.19 11.33 
MnO 0.11 0.11 0.06 0.14 0.07 0.02 0.04 0.03 0.14 0.22 
MgO 10.06 8.90 4.20 13.68 5.83 0.88 3.23 3.03 16.39 24.17 
CaO 10.29 10.30 12.60 9.97 11.52 14.83 8.73 14.09 7.73 4.56 
Na2O 1.54 1.69 2.25 1.47 2.42 3.26 3.14 2.36 0.87 0.24 
K2O 0.12 0.08 0.18 0.13 0.26 0.36 2.32 0.19 0.24 0.03 
P2O5 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.01 0.00 
LOI 2.34 3.46 4.98 1.11 1.54 0.89 3.92 1.55 2.14 4.32 
Total 100.38 99.94 100.67 99.33 99.91 100.81 101.07 100.30 99.21 99.57 
Sc (ppm) 11.54 16.40 7.15 13.21 12.07 2.46 2.60 4.99 12.66 13.94 
V 38.0 64.5 32.1 67.9 65.9 14.0 13.9 17.0 50.3 63.3 
Cr 344.1 526.8 179.5 382.5 242.2 36.5 32.3 88.2 513.8 505.8 
Co 64.8 47.8 23.8 78.4 30.9 5.9 3.4 13.5 46.5 128.3 
Ni 391.3 197.7 75.6 466.2 93.5 83.3 27.1 121.4 891.6 681.6 
Cu 115.2 71.1 24.8 34.5 44.4 83.6 21.1 31.4 115.9 150.0 
Zn 34.1 22.9 18.2 66.6 14.2 37.3 9.6 11.0 54.3 76.9 
Ga 13.81 13.84 16.66 11.30 16.27 16.13 14.93 18.70 9.84 7.79 
Ge 0.71 0.36 0.11 nd 0.22 na 0.02 0.26 nd nd 
Rb 2.08 1.00 3.52 2.98 6.19 16.32 62.21 2.92 2.30 1.35 
Sr 210.9 177.0 285.4 177.7 248.0 284.8 322.6 317.2 167.2 59.7 
Y 2.0 2.9 1.7 4.3 4.4 0.8 0.9 1.3 3.0 2.6 
Zr 5.9 8.2 7.3 9.8 22.0 1.6 4.7 5.3 2.8 4.7 
Nb 0.27 0.23 0.16 2.44 0.47 0.39 0.20 0.11 0.78 0.41 
Cs 0.35 0.42 0.48 0.46 0.42 0.67 3.76 0.38 0.76 0.57 
Ba 33.4 40.4 76.7 50.4 89.3 117.8 287.2 58.0 40.7 29.0 
La 1.79 1.96 1.85 2.27 3.57 1.29 0.86 1.68 1.39 1.06 
Ce 2.86 3.73 3.36 4.44 6.96 2.25 1.56 2.93 2.52 2.15 
Pr 0.38 0.38 0.35 0.55 0.87 0.23 0.19 0.26 0.30 0.27 
Nd 1.23 1.42 1.19 2.45 2.76 0.85 0.74 1.11 1.13 1.11 
Sm 0.33 0.44 0.34 0.62 0.75 0.14 0.15 0.27 0.27 0.29 
Eu 0.37 0.27 0.31 0.26 0.40 0.32 0.21 0.29 0.20 0.15 
Gd 0.30 0.46 0.30 0.52 0.76 0.16 0.12 0.24 0.22 0.35 
Tb 0.05 0.07 0.04 0.08 0.10 0.02 0.02 0.03 0.05 0.06 
Dy 0.29 0.49 0.29 0.61 0.75 0.14 0.14 0.18 0.36 0.46 
Ho 0.07 0.09 0.06 0.12 0.14 0.04 0.03 0.03 0.09 0.11 
Er 0.19 0.33 0.19 0.34 0.48 0.10 0.08 0.12 0.21 0.36 
Tm 0.04 0.06 0.03 0.07 0.07 0.02 0.01 0.02 0.03 0.07 
Yb 0.25 0.34 0.20 0.40 0.47 0.09 0.10 0.12 0.30 0.46 
Lu 0.04 0.05 0.03 0.07 0.07 0.01 0.01 0.01 0.06 0.07 
Hf 0.14 0.20 0.11 0.26 0.40 0.03 0.06 0.03 0.07 0.13 
Ta 0.01 0.02 0.01 0.13 0.04 0.02 0.00 0.00 0.04 0.03 
Pb 26.37 2.12 0.74 1.31 1.54 0.96 3.55 1.85 0.65 1.01 
Th 0.27 0.37 0.19 0.38 0.83 2.23 0.17 0.04 1.03 0.31 
U 0.04 0.04 0.02 0.10 0.20 0.03 0.01 0.01 0.04 0.05 
Os (ppb) 0.33 nd 0.78 0.16 0.48 nd 0.67 0.53 nd nd 
Ir 0.60 nd 1.01 0.57 0.98 nd 1.00 0.99 nd nd 
Ru 0.76 nd 10.87 1.66 2.78 nd 1.98 2.62 nd nd 
Rh 2.37 nd 11.37 2.62 5.32 nd 2.55 3.41 nd nd 
Pt 11.62 nd 17.96 11.08 30.07 nd 6.71 10.98 nd nd 
Pd 13.00 nd 14.64 20.53 3.93 nd 1.67 4.94 nd nd 
Au 1.69 nd 1.34 3.05 0.74 nd 0.44 1.30 nd nd 
Pt/Pd 0.89 nd 1.23 0.54 7.65 nd 4.01 2.22 nd nd 
PPGE/IPGE 15.89 nd 3.47 14.31 9.27 nd 3.00 4.68 nd nd 
Cu/Pd 8855.95 nd 1691.03 1679.67 11313.69 nd 12608.83 6359.78 nd nd 
Pd/Ir 21.52 nd 14.54 35.85 4.01 nd 1.68 5.02 nd nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1034 JD2 FT1035 FT1036 JD36 JD03B JD3_J FT1038 FT4202 FT4203_I 
VSF2_M 86.34 86.7 86.91 87.25 87.5 88.14 88.19 89.05 89.195 90.53 
BV1_GC 2807.25 2807.61 2807.82 2808.16 2808.41 2809.05 2809.1 2810.75 2810.895 2812.23 
UZ-MZb -1232.24 -1232.6 -1232.81 -1233.15 -1233.4 -1234.04 -1234.09 -1234.95 -1235.1 -1236.43 
TU TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU3 TU3 TU3 
Lith UM UM UM UM UM UM olN+UM olN olGN troc 
SiO2 (wt.%) 50.70 50.89 50.36 42.33 43.89 42.28 44.48 45.56 45.90 43.85 
TiO2 0.29 0.31 0.30 0.12 0.10 0.10 0.09 0.07 0.05 0.03 
Al2O3 3.71 4.92 3.47 2.17 2.32 1.79 14.37 22.29 20.13 21.24 
Fe2O3 13.41 13.77 14.37 14.69 15.77 15.50 10.61 6.81 6.70 7.01 
MnO 0.24 0.27 0.26 0.18 0.24 0.25 0.16 0.09 0.09 0.09 
MgO 24.78 22.30 25.27 27.56 29.52 34.88 19.51 9.42 11.15 11.94 
CaO 4.02 5.22 3.64 4.17 2.90 1.79 7.06 10.94 11.18 10.75 
Na2O 0.10 0.33 0.06 0.03 0.01 0.11 1.04 1.51 1.81 1.51 
K2O 0.22 0.11 0.19 0.19 0.15 0.01 0.11 0.15 0.06 0.33 
P2O5 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 
LOI 3.12 1.24 1.95 7.55 5.44 3.50 3.15 3.12 3.72 3.93 
Total 100.60 99.37 99.85 99.00 100.36 100.22 100.56 99.96 100.78 100.70 
Sc (ppm) 35.50 40.51 32.19 19.07 22.01 19.95 16.14 5.54 3.81 3.15 
V 157.3 175.2 163.5 75.4 81.1 78.6 51.9 22.5 15.7 9.9 
Cr 1218.8 1288.8 1098.7 460.9 603.9 685.9 421.9 48.3 43.5 17.0 
Co 66.6 89.4 71.9 74.9 77.0 141.2 97.8 75.7 60.4 30.5 
Ni 533.4 836.3 686.4 1139.6 4915.3 898.0 1010.9 915.1 541.1 401.2 
Cu 46.8 25.1 49.1 231.8 173.9 29.0 562.1 975.1 138.8 18.7 
Zn 82.6 154.5 96.3 137.9 110.3 109.8 76.4 37.6 68.8 35.4 
Ga 5.98 6.16 5.64 5.45 3.81 3.19 9.71 13.35 13.03 13.06 
Ge nd nd nd nd nd nd nd 0.34 nd nd 
Rb 2.64 5.05 3.62 1.93 2.00 1.59 3.44 2.69 2.73 8.31 
Sr 15.7 26.2 18.7 16.8 20.9 11.6 130.7 240.8 200.5 211.8 
Y 9.3 9.3 9.3 5.5 4.0 3.0 2.3 1.3 1.1 1.0 
Zr 39.1 38.6 11.3 6.7 4.9 3.5 10.6 7.4 1.9 2.0 
Nb 1.49 1.99 1.02 0.65 0.76 0.73 1.43 0.22 0.40 0.17 
Cs 0.41 0.32 0.36 0.51 0.65 0.45 0.86 0.96 1.14 0.67 
Ba 8.2 28.8 20.9 3.5 10.0 18.3 28.5 42.6 45.7 44.2 
La 1.86 1.96 1.46 0.85 1.22 0.39 1.18 1.46 1.40 1.41 
Ce 4.26 5.03 3.54 2.27 2.32 0.87 2.96 2.57 2.58 2.56 
Pr 0.59 0.64 0.50 0.35 0.29 0.12 0.27 0.27 0.26 0.31 
Nd 2.40 3.05 2.21 1.53 1.03 0.53 1.13 1.25 1.03 1.04 
Sm 0.75 0.89 0.71 0.51 0.25 0.19 0.27 0.25 0.18 0.23 
Eu 0.14 0.17 0.14 0.07 0.05 0.05 0.15 0.22 0.23 0.20 
Gd 0.78 0.98 0.64 0.49 0.21 0.23 0.25 0.23 0.22 0.15 
Tb 0.19 0.16 0.17 0.11 0.05 0.05 0.03 0.03 0.03 0.02 
Dy 1.31 1.40 1.14 0.73 0.36 0.43 0.31 0.22 0.19 0.14 
Ho 0.25 0.29 0.26 0.14 0.09 0.11 0.06 0.04 0.05 0.03 
Er 0.90 0.93 0.87 0.45 0.29 0.37 0.21 0.14 0.15 0.09 
Tm 0.15 0.17 0.16 0.07 0.06 0.07 0.05 0.03 0.02 0.01 
Yb 1.04 1.14 1.05 0.48 0.32 0.52 0.26 0.16 0.14 0.08 
Lu 0.17 0.19 0.20 0.08 0.07 0.09 0.05 0.02 0.03 0.02 
Hf 1.25 0.88 0.35 0.17 0.10 0.15 0.29 0.03 0.03 0.05 
Ta 0.14 0.11 0.06 0.04 0.04 0.04 0.08 0.02 0.02 0.01 
Pb 1.13 1.64 0.28 1.88 2.05 5.68 2.17 5.64 0.49 0.92 
Th 0.63 0.67 0.49 0.81 0.47 0.29 0.11 0.24 0.43 0.31 
U 0.19 0.14 0.17 0.04 0.04 0.05 0.02 0.02 0.05 0.04 
Os (ppb) 8.51 0.10 0.04 0.03 0.10 2.57 30.28 10.81 nd nd 
Ir 10.35 0.13 0.05 0.10 0.22 7.24 58.47 34.65 nd nd 
Ru 13.09 0.54 0.22 1.19 1.45 23.31 85.15 54.39 nd nd 
Rh 85.20 0.47 0.44 0.85 1.34 53.33 118.09 284.48 nd nd 
Pt 1558.21 5.71 53.59 33.90 13.79 291.65 1018.28 3078.90 nd nd 
Pd 4153.59 40.24 2.45 10.36 29.23 155.24 1191.64 7988.77 nd nd 
Au 26.62 5.60 9.84 10.16 4.47 5.18 154.87 232.65 nd nd 
Pt/Pd 0.38 0.14 21.88 3.27 0.47 1.88 0.85 0.39 nd nd 
PPGE/IPGE 181.48 60.81 182.64 34.32 24.98 15.10 13.39 113.69 nd nd 
Cu/Pd 0.00 624.07 0.00 0.00 0.00 0.00 471.73 122.06 nd nd 
Pd/Ir 401.31 305.95 52.00 100.09 131.26 21.43 20.38 230.58 nd nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT4203_II FT4203_III FT1039 FT1040 FT1041 FT1042 FT1044 JD37 FT1046 FT1047 
VSF2_M 90.61 90.775 91.38 94.2 97.5 100.32 104.73 109.3 113.89 114.56 
BV1_GC 2812.31 2812.475 2813.08 2815.9 2819.2 2822.02 2827.63 2832.2 2836.79 2837.46 
UZ-MZb -1236.51 -1236.675 -1237.28 -1240.1 -1243.4 -1246.22 -1250.63 -1255.2 -1259.79 -1260.46 
TU TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith troc troc olGN olGN olN olGN olN olN olN olN 
SiO2 (wt.%) 36.01 40.33 44.09 44.05 44.87 46.37 46.36 45.97 46.07 46.94 
TiO2 0.20 0.09 0.05 0.04 0.05 0.05 0.08 0.06 0.08 0.07 
Al2O3 6.23 10.60 17.46 17.30 19.25 19.53 22.13 19.23 18.63 20.54 
Fe2O3 15.15 12.72 7.72 7.30 8.28 7.14 6.53 7.62 8.65 6.77 
MnO 0.19 0.17 0.11 0.10 0.11 0.09 0.09 0.10 0.12 0.10 
MgO 33.03 23.12 14.08 12.46 12.10 10.76 9.11 11.52 11.49 9.98 
CaO 3.39 5.40 10.42 11.09 9.73 10.32 10.89 9.32 9.81 10.75 
Na2O 0.43 0.66 0.86 0.97 1.26 0.93 1.68 1.47 1.40 1.57 
K2O 0.31 0.19 0.14 0.13 0.21 0.08 0.21 0.26 0.15 0.11 
P2O5 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 
LOI 5.78 6.16 5.75 6.24 5.13 4.39 2.99 3.60 3.50 3.42 
Total 100.74 99.47 100.67 99.70 101.00 99.67 100.08 99.16 99.89 100.26 
Sc (ppm) 12.01 16.17 4.58 4.37 4.90 3.73 6.92 4.74 8.45 6.96 
V 64.1 62.4 15.9 18.2 21.8 15.9 28.1 27.8 32.4 24.7 
Cr 94.6 490.2 46.4 49.0 49.2 30.6 67.5 44.2 112.0 42.6 
Co 65.7 54.4 76.3 74.3 84.5 62.0 52.0 37.2 82.5 82.2 
Ni 800.2 4654.2 503.9 550.4 534.0 448.4 402.6 485.3 537.1 555.0 
Cu 21.0 291.2 23.9 70.7 51.5 40.6 34.1 26.8 81.7 54.0 
Zn 73.9 81.6 47.0 40.9 40.7 54.2 48.4 78.1 30.7 33.7 
Ga 6.87 8.41 10.72 11.08 12.21 11.45 13.72 9.26 12.41 13.22 
Ge nd nd nd nd 0.81 nd 0.38 nd 0.53 0.26 
Rb 18.43 5.45 5.32 5.10 7.17 3.54 5.38 3.19 3.35 2.08 
Sr 66.1 101.7 172.4 190.3 233.3 210.4 246.7 183.5 219.5 200.1 
Y 7.5 3.0 1.1 1.2 1.2 0.8 2.5 1.2 2.7 1.8 
Zr 51.7 6.6 4.7 22.3 2.7 5.0 5.2 4.9 6.5 3.0 
Nb 3.43 0.35 0.41 1.33 0.20 0.37 0.26 0.76 0.29 0.18 
Cs 1.06 0.43 0.83 0.68 0.88 0.85 0.61 0.30 0.80 0.68 
Ba 27.6 22.0 57.3 58.5 55.1 56.8 60.1 41.7 42.3 43.2 
La 2.63 1.00 1.16 1.12 1.40 1.40 2.16 1.57 1.87 1.77 
Ce 6.51 1.96 2.14 2.23 2.32 2.46 4.02 2.83 3.21 3.19 
Pr 0.99 0.24 0.23 0.23 0.29 0.26 0.46 0.33 0.45 0.34 
Nd 4.10 0.90 0.90 0.98 1.09 1.01 1.90 1.09 2.59 1.18 
Sm 1.10 0.24 0.21 0.18 0.26 0.15 0.46 0.17 0.50 0.35 
Eu 0.21 0.11 0.19 0.17 0.23 0.19 0.27 0.19 0.27 0.26 
Gd 1.22 0.18 0.17 0.21 0.22 0.15 0.41 0.16 0.39 0.33 
Tb 0.19 0.04 0.03 0.04 0.03 0.02 0.06 0.03 0.07 0.04 
Dy 1.28 0.32 0.20 0.23 0.23 0.15 0.39 0.20 0.43 0.31 
Ho 0.25 0.08 0.05 0.05 0.05 0.03 0.08 0.04 0.08 0.06 
Er 0.79 0.26 0.13 0.14 0.13 0.09 0.24 0.11 0.24 0.20 
Tm 0.11 0.04 0.03 0.02 0.02 0.02 0.03 0.02 0.05 0.03 
Yb 0.72 0.34 0.16 0.14 0.14 0.13 0.23 0.12 0.26 0.22 
Lu 0.10 0.05 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.02 
Hf 1.30 0.15 0.09 0.42 0.08 0.13 0.11 0.09 0.14 0.05 
Ta 0.23 0.03 0.03 0.05 0.02 0.03 0.02 0.04 0.02 0.01 
Pb 1.03 1.14 0.06 bdl 16.95 0.07 1.66 0.45 2.54 1.43 
Th 1.48 0.41 0.36 0.37 0.21 0.69 0.24 0.22 0.65 0.21 
U 0.35 0.05 0.05 0.05 0.02 0.05 0.04 0.03 0.06 0.03 
Os (ppb) 0.06 0.14 nd nd nd nd 0.13 0.42 nd 0.14 
Ir 0.16 0.09 nd nd nd nd 0.12 0.15 nd 0.10 
Ru 1.13 0.65 nd nd nd nd 0.46 0.54 nd 0.61 
Rh 0.23 0.23 nd nd nd nd 0.94 4.15 nd 0.53 
Pt 1.69 2.27 nd nd nd nd 9.85 75.38 nd 12.46 
Pd 1.42 13.73 nd nd nd nd 29.35 4.48 nd 80.87 
Au 0.63 0.71 nd nd nd nd 1.23 6.87 nd 4.46 
Pt/Pd 1.19 0.17 nd nd nd nd 0.34 16.82 nd 0.15 
PPGE/IPGE 2.46 18.25 nd nd nd nd 56.18 75.77 nd 110.61 
Cu/Pd 14768.01 21206.33 nd nd nd nd 1162.88 0.00 nd 1020.44 
Pd/Ir 8.73 146.02 nd nd nd nd 242.19 29.67 nd 841.70 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  JD28 JD38_B JD4 FT4204 FT1052 FT1054 FT1057 FT1061 JD5 FT1065 
VSF2_M 119.54 119.73 119.89 120.4 126.86 128.64 130.72 133.49 136.05 142 
BV1_GC 2842.45 2843.71 2842.79 2843.25 2849.76 2851.54 2853.62 2856.39 2858.95 2879.51 
UZ-MZb -1265.45 -1266.71 -1265.79 -1266.25 -1272.76 -1274.54 -1276.62 -1279.39 -1281.95 -1287.9 
TU TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith olN UM G An olGN olN An olN troc olN 
SiO2 (wt.%) 41.23 40.62 47.40 47.27 42.28 45.21 48.49 47.04 41.93 41.82 
TiO2 0.07 0.14 0.11 0.05 0.06 0.09 0.09 0.09 0.06 0.06 
Al2O3 5.10 7.39 26.52 30.07 14.78 19.05 27.98 22.03 19.47 13.17 
Fe2O3 18.56 14.98 1.99 2.23 9.28 9.61 1.25 6.44 7.92 12.85 
MnO 0.24 0.19 0.06 0.03 0.13 0.14 0.02 0.09 0.10 0.18 
MgO 22.18 25.52 2.74 1.41 17.42 12.20 1.20 8.51 14.80 16.96 
CaO 2.50 2.02 15.42 15.03 9.36 9.88 14.53 11.71 10.41 7.26 
Na2O 0.14 0.06 2.54 2.45 1.00 1.47 2.29 1.90 1.59 0.62 
K2O 0.01 0.19 0.44 0.32 0.07 0.11 1.10 0.17 0.17 0.09 
P2O5 0.01 0.01 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.00 
LOI 9.63 7.98 1.45 1.33 5.66 3.29 2.42 1.51 3.97 7.68 
Total 99.67 99.10 98.68 100.21 100.03 101.07 99.37 99.51 100.43 100.70 
Sc (ppm) 11.03 14.39 7.09 2.63 7.41 8.04 3.25 9.03 3.91 9.53 
V 33.6 69.0 50.6 17.6 24.2 27.3 18.9 31.4 15.5 27.8 
Cr 52.4 114.2 44.6 8.0 67.9 42.1 12.2 46.7 242.0 91.6 
Co 190.7 73.8 11.0 8.5 44.4 172.6 6.5 55.3 75.0 125.6 
Ni 1314.4 748.6 7.9 77.8 700.5 621.5 28.6 392.5 550.6 833.1 
Cu 82.5 8.8 16.9 34.7 152.1 106.5 14.5 33.7 25.2 23.2 
Zn 42.2 86.2 27.3 40.5 81.0 35.6 3.8 17.7 55.2 44.5 
Ga 3.89 6.98 15.20 17.03 10.31 12.31 18.53 13.77 11.68 8.31 
Ge 1.28 nd nd nd nd 0.54 0.17 0.71 nd 0.82 
Rb 1.30 1.69 12.26 5.53 2.74 2.13 21.75 3.58 4.32 2.60 
Sr 23.1 20.8 416.5 308.9 169.7 216.0 306.5 250.1 193.9 135.3 
Y 1.9 3.1 4.3 0.5 2.1 2.1 2.2 3.1 1.6 2.0 
Zr 2.8 3.4 14.2 3.1 5.3 11.3 30.6 5.9 3.8 3.1 
Nb 0.08 0.61 1.87 0.35 0.50 0.21 0.84 0.19 0.78 0.18 
Cs 0.77 0.91 0.24 0.26 0.58 0.31 0.60 0.31 0.35 0.99 
Ba 5.1 5.0 111.0 83.5 47.7 65.8 231.6 53.7 52.1 27.7 
La 0.57 0.71 3.06 2.42 1.60 1.69 2.83 2.17 2.11 0.92 
Ce 1.19 1.40 6.05 4.14 2.95 2.73 5.28 4.16 3.70 1.92 
Pr 0.16 0.19 0.70 0.48 0.34 0.37 0.57 0.51 0.45 0.20 
Nd 0.65 0.70 2.97 1.67 1.32 2.37 1.84 1.93 1.76 0.82 
Sm 0.21 0.19 0.73 0.26 0.30 0.43 0.44 0.62 0.32 0.26 
Eu 0.08 0.04 0.36 0.34 0.19 0.22 0.38 0.28 0.24 0.17 
Gd 0.20 0.21 0.66 0.22 0.30 0.30 0.43 0.53 0.30 0.29 
Tb 0.04 0.06 0.10 0.03 0.05 0.06 0.05 0.07 0.03 0.05 
Dy 0.27 0.43 0.75 0.18 0.31 0.29 0.37 0.45 0.26 0.30 
Ho 0.06 0.09 0.12 0.03 0.08 0.06 0.07 0.10 0.05 0.06 
Er 0.21 0.33 0.33 0.11 0.21 0.20 0.23 0.32 0.15 0.20 
Tm 0.04 0.05 0.06 0.02 0.04 0.03 0.04 0.04 0.02 0.03 
Yb 0.31 0.43 0.34 0.12 0.22 0.21 0.24 0.31 0.17 0.20 
Lu 0.05 0.08 0.06 0.01 0.04 0.04 0.03 0.04 0.02 0.03 
Hf 0.07 0.11 0.36 0.07 0.07 0.08 0.64 0.09 0.10 0.05 
Ta 0.01 0.03 0.10 0.02 0.02 0.01 0.06 0.01 0.04 0.01 
Pb 1.69 0.34 1.46 2.38 1.57 6.75 7.07 1.55 1.00 bdl 
Th 0.14 0.31 0.25 0.44 0.51 0.25 0.88 0.28 0.14 0.28 
U 0.01 0.03 0.05 0.04 0.04 0.02 0.35 0.06 0.03 0.01 
Os (ppb) nd 0.03 0.22 0.20 nd 0.11 nd nd nd 0.16 
Ir nd 0.03 0.20 0.21 nd 0.06 nd nd nd 0.15 
Ru nd 1.79 1.17 4.06 nd 0.52 nd nd nd 1.15 
Rh nd 0.83 0.62 1.35 nd 0.31 nd nd nd 0.56 
Pt nd 9.25 12.95 11.98 nd 6.00 nd nd nd 8.10 
Pd nd 44.71 22.38 21.81 nd 4.79 nd nd nd 12.54 
Au nd 7.08 2.27 1.62 nd 3.08 nd nd nd 1.32 
Pt/Pd nd 0.21 0.58 0.55 nd 1.25 nd nd nd 0.65 
PPGE/IPGE nd 29.54 22.64 7.87 nd 16.17 nd nd nd 14.58 
Cu/Pd nd 0.00 754.63 1592.29 nd 22233.19 nd nd nd 1851.41 
Pd/Ir nd 1386.31 111.25 106.38 nd 83.10 nd nd nd 85.61 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  JD34A JD34B JD26 FT1068 FT1069 FT1073 FT1076 JD6 FT1081 FT1083 
VSF2_M 142.8 142.82 143.3 147.18 149.00 152.78 157.98 159.8 161.61 163.06 
BV1_GC 2880.32 2880.38 2880.81 2884.69 2886.51 2890.29 2896.24 2898.06 2899.87 2901.32 
UZ-MZb -1288.71 -1288.77 -1289.2 -1293.08 -1294.9 -1298.68 -1303.88 -1305.7 -1307.51 -1308.96 
TU TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith olN troc olGN olN N G olN troc olN GN 
SiO2 (wt.%) 44.28 43.61 48.74 46.73 48.86 45.39 46.65 45.99 46.74 48.41 
TiO2 0.04 0.11 0.11 0.07 0.07 0.13 0.14 0.10 0.05 0.11 
Al2O3 9.42 27.30 23.92 21.24 24.45 23.18 20.25 24.75 23.81 23.50 
Fe2O3 11.67 10.86 4.59 7.82 4.87 3.33 8.04 5.25 5.47 4.88 
MnO 0.15 0.04 0.07 0.11 0.07 0.05 0.10 0.07 0.07 0.07 
MgO 22.46 1.57 6.44 10.05 6.71 3.74 10.49 6.82 7.04 6.58 
CaO 5.16 13.05 13.82 10.73 12.00 15.16 9.43 13.35 11.86 12.78 
Na2O 0.51 2.21 1.73 1.62 1.86 2.89 1.54 1.94 1.96 1.83 
K2O 0.05 0.38 0.13 0.14 0.15 0.10 0.22 0.21 0.10 0.15 
P2O5 0.02 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.01 0.01 
LOI 6.76 1.74 1.32 1.83 1.15 5.03 3.05 1.15 3.40 1.75 
Total 100.52 100.86 100.89 100.34 100.19 99.05 99.93 99.61 100.51 100.06 
Sc (ppm) 7.68 3.90 15.23 6.31 5.70 4.95 4.67 6.87 2.78 8.41 
V 24.3 18.6 65.7 27.5 25.9 32.8 25.5 40.5 10.5 39.7 
Cr 81.2 34.0 115.4 41.2 57.4 30.6 18.9 55.0 13.3 54.0 
Co 53.5 89.8 34.2 71.9 39.4 35.6 80.6 40.6 48.8 36.6 
Ni 642.0 10790.5 209.0 449.7 240.6 289.0 607.1 236.9 353.1 270.4 
Cu 41.6 2211.9 27.8 74.9 30.5 25.3 30.0 15.7 44.0 69.4 
Zn 53.8 60.7 11.8 47.8 42.3 43.3 30.7 39.0 43.4 30.2 
Ga 7.09 20.40 15.43 13.84 15.19 15.21 13.12 14.25 15.08 13.67 
Ge nd nd 0.23 0.56 0.07 na 0.56 nd 0.26 0.29 
Rb 1.74 8.87 1.96 3.00 2.64 2.46 8.80 4.75 2.32 3.59 
Sr 100.7 352.5 234.2 232.9 263.1 243.1 251.3 239.7 259.2 238.3 
Y 1.7 2.0 4.0 1.5 1.7 3.7 3.4 5.7 1.2 3.0 
Zr 1.4 8.1 4.3 3.9 4.0 12.3 40.5 7.6 6.2 8.4 
Nb 0.51 1.56 0.11 0.22 0.14 0.87 1.36 0.91 0.27 0.36 
Cs 0.58 0.28 0.20 0.47 0.26 0.30 1.03 0.54 0.55 0.23 
Ba 23.0 95.7 45.8 44.5 56.9 77.6 63.7 63.9 49.5 56.9 
La 0.81 2.72 1.70 1.82 1.48 3.55 3.76 4.35 2.02 1.94 
Ce 1.56 4.96 3.54 2.87 2.73 7.01 7.27 8.31 3.66 3.70 
Pr 0.20 0.58 0.43 0.34 0.30 0.77 0.89 1.02 0.36 0.39 
Nd 0.80 1.98 1.79 2.10 1.02 3.00 2.63 4.03 1.21 1.65 
Sm 0.17 0.37 0.64 0.30 0.28 0.63 0.62 0.95 0.25 0.44 
Eu 0.13 0.32 0.28 0.26 0.26 0.41 0.29 0.39 0.26 0.27 
Gd 0.20 0.33 0.63 0.25 0.26 0.61 0.58 0.81 0.20 0.45 
Tb 0.04 0.04 0.10 0.05 0.04 0.10 0.07 0.12 0.03 0.06 
Dy 0.19 0.29 0.71 0.28 0.27 0.65 0.50 0.94 0.16 0.44 
Ho 0.05 0.06 0.15 0.05 0.05 0.14 0.10 0.17 0.03 0.08 
Er 0.16 0.21 0.43 0.15 0.15 0.38 0.35 0.51 0.09 0.28 
Tm 0.02 0.03 0.06 0.02 0.02 0.07 0.05 0.08 0.02 0.05 
Yb 0.21 0.22 0.45 0.21 0.18 0.45 0.38 0.53 0.09 0.27 
Lu 0.03 0.03 0.06 0.02 0.02 0.07 0.05 0.07 0.01 0.04 
Hf 0.04 0.20 0.14 0.09 0.05 0.29 0.83 0.23 0.09 0.21 
Ta 0.04 0.09 0.01 0.02 0.01 0.06 0.11 0.04 0.02 0.03 
Pb 0.77 1.49 2.52 3.20 0.70 1.99 4.79 2.64 8.05 2.59 
Th 0.59 1.21 0.15 0.19 0.09 0.64 1.69 0.31 0.18 0.45 
U 0.03 0.18 0.02 0.02 0.01 0.12 0.57 0.15 0.06 0.11 
Os (ppb) nd 0.13 0.09 nd 0.05 nd nd 0.09 0.12 nd 
Ir nd 0.23 0.14 nd 0.06 nd nd 0.14 0.09 nd 
Ru nd 1.89 0.78 nd 0.21 nd nd 2.51 0.54 nd 
Rh nd 0.45 0.43 nd 0.54 nd nd 0.68 0.73 nd 
Pt nd 9.06 3.97 nd 6.82 nd nd 5.36 6.99 nd 
Pd nd 28.92 7.59 nd 14.26 nd nd 9.91 11.71 nd 
Au nd 0.29 0.40 nd 1.66 nd nd 2.91 1.84 nd 
Pt/Pd nd 0.31 0.52 nd 0.48 nd nd 0.54 0.60 nd 
PPGE/IPGE nd 17.15 11.81 nd 66.04 nd nd 5.81 26.03 nd 
Cu/Pd nd 76490.21 3664.97 nd 2136.69 nd nd 1589.27 3761.25 nd 
Pd/Ir nd 127.95 55.35 nd 229.66 nd nd 71.14 137.34 nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1086 FT1088 FT1089 FT1091 FT1093 FT1096 FT1101 JD7 JD29 JD8 
VSF2_M 168.52 174.1 178.56 185.64 189 197.34 198.58 204.55 205.31 205.46 
BV1_GC 2916.12 2921.7 2926.16 2933.24 2936.6 2944.94 2946.18 2952.15 2952.91 2953.06 
UZ-MZb -1314.42 -1320 -1324.46 -1331.54 -1334.9 -1343.24 -1344.48 -1350.45 -1351.21 -1351.36 
TU TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith olN olGN olN olN olGN olN N troc troc olG 
SiO2 (wt.%) 46.48 45.47 47.32 47.63 47.12 43.54 48.22 37.93 35.93 42.20 
TiO2 0.07 0.08 0.07 0.06 0.09 0.08 0.09 0.06 0.05 0.21 
Al2O3 20.28 20.36 21.84 22.08 22.24 14.49 23.83 11.68 10.13 26.89 
Fe2O3 8.47 7.81 7.22 6.80 6.89 11.38 4.80 12.54 11.77 4.26 
MnO 0.12 0.11 0.11 0.09 0.10 0.17 0.07 0.18 0.14 0.07 
MgO 11.64 11.67 9.76 9.44 10.16 16.64 7.23 24.73 22.80 5.90 
CaO 10.02 10.90 10.78 10.99 12.12 7.39 11.38 6.33 8.24 14.67 
Na2O 1.59 1.55 1.70 1.73 1.73 0.81 1.79 0.92 0.04 2.32 
K2O 0.10 0.12 0.13 0.13 0.12 0.09 0.12 0.12 0.05 0.25 
P2O5 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 
LOI 2.32 1.99 1.23 0.76 0.65 5.33 1.95 5.60 11.19 3.12 
Total 101.09 100.08 100.17 99.72 101.21 99.92 99.48 100.12 100.36 99.91 
Sc (ppm) 5.07 8.35 5.42 4.28 9.40 9.93 6.15 7.90 5.07 4.38 
V 16.4 29.2 20.8 12.7 35.0 31.7 23.6 23.6 15.9 25.2 
Cr 27.7 99.3 35.5 23.9 86.1 117.2 33.1 70.5 235.2 117.2 
Co 69.9 70.0 70.6 59.5 65.2 112.6 45.0 146.6 57.4 32.1 
Ni 630.4 619.9 469.1 599.9 531.1 964.2 287.3 1233.4 2760.9 1042.2 
Cu 48.0 56.5 94.4 74.9 111.2 71.0 54.4 70.6 46.3 18.9 
Zn 19.3 13.0 25.8 15.8 16.7 29.2 14.0 85.1 77.7 27.7 
Ga 12.39 11.94 14.24 13.22 13.65 9.01 14.91 8.22 7.93 14.90 
Ge 0.32 0.78 0.36 0.21 0.41 0.67 0.34 na na na 
Rb 1.24 1.10 1.90 1.21 1.07 1.96 1.78 3.02 2.30 4.58 
Sr 212.2 193.7 228.5 231.6 220.4 160.2 248.6 122.0 53.6 285.5 
Y 0.9 2.8 1.4 1.1 2.3 1.6 1.4 1.9 1.2 2.4 
Zr 4.2 2.7 4.6 1.7 4.4 5.1 2.6 5.0 9.4 8.3 
Nb 0.21 0.15 0.27 0.29 0.13 0.13 0.11 0.58 0.90 1.57 
Cs 0.04 0.05 0.05 0.04 0.03 0.37 0.23 0.36 0.64 0.45 
Ba 41.9 40.2 45.6 64.1 41.5 33.4 43.7 84.5 37.4 69.9 
La 1.67 1.48 2.02 1.91 1.67 1.43 1.78 1.26 1.31 2.73 
Ce 2.69 3.02 3.24 3.10 2.96 2.41 3.16 3.10 2.53 5.02 
Pr 0.32 0.33 0.40 0.37 0.36 0.33 0.29 0.28 0.27 0.61 
Nd 2.16 1.29 2.54 2.33 2.32 2.05 1.15 1.15 1.02 2.42 
Sm 0.26 0.39 0.33 0.33 0.39 0.32 0.23 0.26 0.21 0.46 
Eu 0.20 0.22 0.26 0.24 0.23 0.16 0.26 0.15 0.18 0.32 
Gd 0.22 0.40 0.31 0.21 0.34 0.24 0.21 0.19 0.22 0.45 
Tb 0.03 0.06 0.04 0.03 0.06 0.04 0.02 0.03 0.03 0.06 
Dy 0.16 0.44 0.23 0.19 0.39 0.24 0.20 0.23 0.20 0.39 
Ho 0.03 0.09 0.05 0.04 0.07 0.06 0.04 0.05 0.05 0.07 
Er 0.08 0.24 0.15 0.09 0.21 0.19 0.15 0.15 0.15 0.21 
Tm 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
Yb 0.13 0.26 0.17 0.10 0.26 0.24 0.18 0.20 0.20 0.19 
Lu 0.02 0.03 0.03 0.02 0.04 0.04 0.02 0.03 0.03 0.04 
Hf 0.04 0.05 0.08 0.02 0.04 0.08 0.05 0.11 0.17 0.23 
Ta 0.02 0.01 0.02 0.02 0.01 0.01 0.00 0.03 0.04 0.09 
Pb 2.31 0.31 5.74 3.13 4.47 1.05 1.99 1.66 2.64 2.34 
Th 0.19 0.12 0.25 0.10 0.08 0.09 0.16 0.13 0.41 0.12 
U 0.04 0.01 0.04 0.02 0.02 0.02 0.02 0.03 0.07 0.03 
Os (ppb) nd 0.12 nd nd 0.13 0.24 0.26 0.33 0.19 nd 
Ir nd 0.11 nd nd 0.10 0.23 0.13 0.58 0.51 nd 
Ru nd 0.77 nd nd 0.88 0.71 1.01 2.30 11.05 nd 
Rh nd 0.48 nd nd 0.60 1.13 0.55 2.98 2.96 nd 
Pt nd 2.11 nd nd 4.51 8.55 5.06 17.81 22.28 nd 
Pd nd 6.09 nd nd 16.26 3.92 11.73 14.02 32.82 nd 
Au nd 0.24 nd nd 0.24 1.22 0.73 3.63 7.15 nd 
Pt/Pd nd 0.35 nd nd 0.28 2.18 0.43 1.27 0.68 nd 
PPGE/IPGE nd 8.66 nd nd 19.18 11.58 12.43 10.85 4.94 nd 
Cu/Pd nd 9284.92 nd nd 6841.45 18124.58 4634.71 5035.59 0.00 nd 
Pd/Ir nd 54.44 nd nd 159.23 17.26 93.22 24.18 64.31 nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  JD9 FT1107 JD10 JD31 JD12 FT4205 JD16 JD15 JD14 FT1117 
VSF2_M 205.61 210.5 215.65 218.22 219.5 220.63 221.37 221.5 221.7 221.9 
BV1_GC 2953.21 2958.1 2963.25 2965.82 2967.1 2968.2 2968.97 2969.1 2969.3 2969.5 
UZ-MZb -1351.51 -1356.4 -1361.55 -1364.12 -1365.4 -1366.5 -1367.27 -1367.4 -1367.6 -1367.8 
TU TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU2 TU2 
Lith troc troc troc olGN olGN UM UM UM An N 
SiO2 (wt.%) 37.68 43.61 46.19 43.00 32.78 33.85 36.93 28.68 46.17 47.78 
TiO2 0.06 0.05 0.06 0.06 0.08 0.09 0.12 0.05 0.05 0.10 
Al2O3 17.09 20.74 26.02 15.72 4.10 2.14 2.54 4.97 29.52 22.88 
Fe2O3 9.83 7.70 3.93 9.69 14.26 15.42 12.66 13.21 1.53 5.36 
MnO 0.13 0.10 0.06 0.16 0.18 0.21 0.20 0.19 0.03 0.08 
MgO 20.24 10.75 6.05 13.50 35.67 35.26 29.79 29.96 0.96 6.45 
CaO 7.95 10.05 14.48 9.18 1.36 1.55 5.10 8.45 16.31 12.33 
Na2O 0.64 1.48 2.02 0.76 0.12 0.09 0.12 0.10 2.34 1.00 
K2O 0.09 0.11 0.21 0.14 0.03 0.05 0.02 0.06 0.28 0.23 
P2O5 0.01 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.01 
LOI 6.32 4.45 2.29 7.08 11.11 12.48 12.04 15.46 1.60 3.54 
Total 100.05 99.03 101.32 99.28 99.71 101.16 99.53 101.14 98.79 99.74 
Sc (ppm) 5.70 3.33 2.52 8.22 15.34 10.75 30.37 5.15 1.77 6.92 
V 34.0 11.2 17.1 23.6 59.5 51.1 108.9 9.4 3.1 35.3 
Cr 60.7 7.1 26.2 69.2 150.3 58.8 726.6 10.8 5.2 148.4 
Co 81.1 108.4 36.6 94.7 176.1 187.6 168.8 726.8 18.5 24.3 
Ni 787.2 605.6 259.9 799.7 1669.2 1718.6 1536.1 4929.8 976.0 339.9 
Cu 8.9 18.2 24.4 33.7 20.8 201.7 552.5 875.0 683.6 26.8 
Zn 64.5 18.1 28.9 45.9 89.0 121.3 66.6 53.3 55.1 65.8 
Ga 11.01 12.62 14.88 9.82 4.89 3.10 4.34 5.93 17.43 12.42 
Ge na 0.43 na 1.05 na na na na na na 
Rb 2.28 1.72 4.63 4.25 1.23 5.23 1.11 1.53 5.44 2.02 
Sr 213.7 202.9 266.3 145.3 8.5 4.9 11.7 19.9 296.0 237.7 
Y 2.0 0.7 1.8 1.6 5.5 3.7 6.8 1.1 0.6 2.2 
Zr 6.1 2.8 4.8 3.3 5.0 23.7 12.0 2.2 1.8 5.8 
Nb 0.68 0.13 0.78 0.07 0.42 1.01 0.46 0.41 0.97 0.73 
Cs 0.76 0.06 0.42 1.29 0.85 0.86 0.61 1.30 0.64 0.48 
Ba 21.6 39.1 62.7 29.3 15.0 28.3 15.8 19.4 106.5 51.4 
La 1.44 1.43 2.16 0.94 1.56 1.62 1.88 0.83 2.07 2.34 
Ce 2.98 2.51 4.16 1.80 3.61 3.57 4.30 1.74 3.32 4.05 
Pr 0.31 0.26 0.44 0.20 0.43 0.42 0.60 0.17 0.37 0.49 
Nd 1.29 1.05 1.64 0.76 2.14 1.87 2.83 0.87 1.31 1.63 
Sm 0.27 0.18 0.38 0.25 0.54 0.45 0.77 0.18 0.30 0.35 
Eu 0.28 0.20 0.29 0.16 0.14 0.10 0.16 0.05 0.37 0.30 
Gd 0.26 0.15 0.33 0.26 0.53 0.48 0.70 0.16 0.14 0.32 
Tb 0.04 0.02 0.05 0.04 0.10 0.09 0.13 0.02 0.02 0.06 
Dy 0.29 0.10 0.30 0.29 0.71 0.61 0.89 0.13 0.10 0.35 
Ho 0.05 0.02 0.06 0.06 0.16 0.14 0.20 0.03 0.02 0.07 
Er 0.16 0.08 0.17 0.17 0.43 0.43 0.59 0.09 0.05 0.20 
Tm 0.03 0.01 0.02 0.03 0.08 0.09 0.11 0.02 0.01 0.03 
Yb 0.18 0.09 0.16 0.21 0.45 0.58 0.63 0.14 0.05 0.17 
Lu 0.04 0.01 0.03 0.03 0.08 0.09 0.12 0.03 0.01 0.04 
Hf 0.13 0.06 0.13 0.06 0.13 0.43 0.22 0.06 0.05 0.11 
Ta 0.04 0.01 0.06 0.00 0.02 0.06 0.03 0.03 0.07 0.05 
Pb 9.74 1.62 1.04 1.69 6.51 1.10 1.86 1.99 8.57 0.77 
Th 0.10 0.15 0.19 0.12 0.11 3.37 0.18 0.03 0.05 2.79 
U 0.02 0.01 0.05 0.02 0.03 0.18 0.04 0.02 0.02 0.05 
Os (ppb) 0.28 0.25 0.22 0.23 0.17 nd 0.47 9.64 17.83 0.32 
Ir 0.71 0.20 0.33 0.27 0.40 nd 2.14 21.22 40.26 0.86 
Ru 2.17 0.79 1.33 2.48 20.67 nd 8.45 53.12 58.46 2.20 
Rh 1.54 1.14 0.90 1.15 4.08 nd 9.60 83.30 297.13 2.93 
Pt 14.27 7.18 4.05 7.36 11.60 nd 127.46 801.16 4875.21 24.88 
Pd 15.08 2.34 3.68 10.96 21.30 nd 118.96 3411.00 4276.25 25.07 
Au 1.07 0.94 1.10 0.57 4.06 nd 8.89 24.12 569.67 0.60 
Pt/Pd 0.95 3.07 1.10 0.67 0.54 nd 1.07 0.23 1.14 0.99 
PPGE/IPGE 9.78 8.64 4.59 6.53 1.74 nd 23.15 51.14 81.07 15.68 
Cu/Pd 587.79 7807.77 6631.78 3075.98 978.63 nd 4644.07 256.53 159.86 0.00 
Pd/Ir 21.23 11.53 11.01 41.00 53.41 nd 55.50 160.75 106.23 29.30 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1118 JD40 FT1120 JD13 FT1121/JD27 FT4207 FT4208 JD41 JD32 FT4209 
VSF2_M 223.71 225.3 227.9 228.65 229.15 230.24 230.65 231.18 232.07 232.52 
BV1_GC 2971.31 2972.9 2975.5 2976.25 2976.75 2977.8 2978.2 2978.78 2979.67 2979.65 
UZ-MZb -1369.61 -1371.2 -1373.8 -1374.55 -1375.05 -1376.1 -1376.5 -1377.08 -1377.97 -1377.95 
TU TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lith olGN olN olN troc felsic felsic felsic felsic felsic UM 
SiO2 (wt.%) 48.10 43.46 41.02 37.01 57.71 59.24 60.10 55.16 48.06 48.55 
TiO2 0.06 0.06 0.03 0.03 0.72 1.27 0.25 0.10 0.35 0.20 
Al2O3 28.01 16.62 13.86 15.17 17.23 15.24 17.39 25.84 20.86 16.28 
Fe2O3 3.36 7.67 9.67 9.03 1.05 7.97 7.63 1.49 5.41 9.03 
MnO 0.04 0.11 0.13 0.13 0.02 0.11 0.09 0.02 0.09 0.14 
MgO 3.84 14.24 19.01 21.16 0.52 2.26 3.09 0.44 5.85 12.43 
CaO 13.93 9.24 7.63 9.70 10.42 5.02 6.37 9.97 11.09 9.17 
Na2O 2.11 0.73 0.17 0.67 6.21 5.25 4.11 3.89 3.23 1.84 
K2O 0.16 0.26 0.24 0.12 0.41 0.32 0.34 0.57 0.27 0.09 
P2O5 0.00 0.01 0.01 0.00 3.47 0.10 0.38 0.03 0.13 0.04 
LOI 1.04 6.88 8.18 7.95 2.31 3.05 1.57 1.42 6.03 2.37 
Total 100.64 99.27 99.96 100.97 100.08 99.82 101.30 98.94 101.38 100.13 
Sc (ppm) 1.67 6.54 5.42 6.28 3.21 14.55 12.11 1.37 10.30 14.18 
V 11.7 30.4 24.6 13.5 70.3 212.8 52.9 12.6 36.5 66.5 
Cr 3.4 66.2 78.7 101.8 1.7 24.6 9.6 2.5 2.7 103.8 
Co 24.9 38.0 48.1 111.3 3.3 25.9 34.3 5.2 20.1 63.7 
Ni 200.8 1077.4 1828.8 1058.0 8.8 93.4 158.6 21.4 111.3 380.3 
Cu 30.5 134.7 237.8 25.6 7.8 89.9 127.1 88.7 129.5 78.3 
Zn 9.7 68.2 66.6 62.4 8.9 38.1 98.1 39.5 6.4 135.2 
Ga 15.95 9.77 8.99 10.22 15.11 15.79 14.21 14.85 17.73 13.67 
Ge 0.13 na na na 0.53 na na na 0.69 na 
Rb 2.48 3.71 7.14 5.71 11.48 8.13 13.02 14.31 5.76 2.57 
Sr 286.1 155.3 108.6 91.1 270.8 170.3 163.7 356.0 222.0 197.2 
Y 0.9 1.8 0.9 1.3 106.1 27.2 14.7 6.4 16.8 4.4 
Zr 2.9 6.8 1.7 3.5 24.1 405.9 309.6 51.5 419.0 16.0 
Nb 0.21 1.09 1.59 0.35 9.78 20.51 3.32 4.28 8.71 1.26 
Cs 0.35 0.76 1.28 0.94 0.26 0.61 0.78 0.99 0.76 0.53 
Ba 63.2 29.8 30.2 27.2 136.5 75.0 91.8 180.8 81.0 80.9 
La 1.91 1.49 1.49 1.21 105.00 28.82 32.83 9.66 14.48 4.20 
Ce 3.33 2.52 2.14 1.98 239.87 56.86 62.09 17.46 28.57 8.59 
Pr 0.32 0.32 0.20 0.20 33.23 6.80 6.86 1.85 3.57 0.96 
Nd 1.25 1.01 0.62 0.87 96.56 23.16 20.98 6.23 10.42 3.68 
Sm 0.23 0.22 0.11 0.18 25.07 4.29 3.18 1.17 2.68 0.79 
Eu 0.29 0.20 0.18 0.20 1.61 0.76 0.60 0.56 0.74 0.44 
Gd 0.19 0.20 0.08 0.19 23.43 4.23 3.26 1.07 2.63 0.78 
Tb 0.03 0.03 0.01 0.02 2.98 0.59 0.40 0.19 0.37 0.13 
Dy 0.13 0.20 0.09 0.16 16.10 4.01 2.33 0.94 2.34 0.93 
Ho 0.02 0.06 0.03 0.03 2.96 0.80 0.41 0.18 0.49 0.19 
Er 0.08 0.15 0.07 0.09 8.32 2.45 1.39 0.56 1.42 0.62 
Tm 0.01 0.03 0.01 0.02 1.01 0.37 0.21 0.09 0.24 0.11 
Yb 0.06 0.17 0.08 0.12 5.75 2.64 1.45 0.58 1.57 0.74 
Lu 0.01 0.04 0.02 0.02 0.70 0.40 0.21 0.10 0.23 0.12 
Hf 0.02 0.12 0.06 0.10 0.67 8.54 6.72 1.66 11.06 0.42 
Ta 0.02 0.05 0.05 0.02 0.87 1.60 0.24 0.32 1.05 0.09 
Pb 1.33 1.43 3.85 1.08 4.04 7.00 13.26 3.82 11.96 1.90 
Th 0.13 3.72 0.43 0.10 4.70 13.73 16.91 3.12 22.75 2.24 
U 0.02 0.05 0.05 0.04 2.25 3.89 4.08 1.48 6.01 0.20 
Os (ppb) nd 0.23 0.17 nd 0.15 0.05 0.08 nd 0.29 14.84 
Ir nd 0.38 0.45 nd 0.13 0.08 0.16 nd 0.18 25.80 
Ru nd 4.68 1.13 nd 0.32 1.40 3.56 nd 8.51 46.85 
Rh nd 0.34 0.46 nd 0.14 0.34 1.36 nd 2.12 151.15 
Pt nd 10.28 1.64 nd 2.05 4.35 18.83 nd 22.62 2461.74 
Pd nd 12.23 0.48 nd 1.25 8.41 98.01 nd 75.72 2335.88 
Au nd 3.78 0.57 nd 1.66 0.25 0.68 nd 1.94 5.98 
Pt/Pd nd 0.84 3.45 nd 1.64 0.52 0.19 nd 0.30 1.05 
PPGE/IPGE nd 4.32 1.48 nd 5.74 8.52 31.13 nd 11.18 56.57 
Cu/Pd nd 0.00 0.00 nd 6271.94 10691.80 1297.20 nd 1710.77 33.54 
Pd/Ir nd 31.77 1.06 nd 9.80 101.76 613.31 nd 414.36 90.54 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1128_B JD42 JD19 JD18 JD17 JD43 JD44 JD45 JD46 JD23 
VSF2_M 234.29 234.89 235.255 235.29 235.33 238.1 241.9 243.9 245.34 246.6 
BV1_GC 2981.89 2982.49 2982.855 2982.89 2982.93 2985.7 2989.5 2991.5 2992.94 2994.2 
UZ-MZb -1380.19 -1380.79 -1381.16 -1381.19 -1381.23 -1384 -1387.8 -1389.8 -1391.24 -1392.5 
TU TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lith UM olN olGN serp serp N GN N GN GN 
SiO2 (wt.%) 34.29 39.94 42.79 37.56 38.45 47.58 49.89 47.29 49.26 41.59 
TiO2 0.12 0.05 0.11 0.05 0.05 0.08 0.11 0.08 0.08 0.05 
Al2O3 2.50 8.43 6.50 8.68 6.81 18.16 21.79 18.52 21.61 14.98 
Fe2O3 16.73 12.93 11.09 13.41 14.03 8.21 5.23 8.09 5.87 10.45 
MnO 0.19 0.17 0.18 0.13 0.15 0.12 0.08 0.12 0.08 0.12 
MgO 35.47 25.11 28.22 27.62 28.04 11.04 6.10 11.22 6.97 17.92 
CaO 2.13 4.61 6.43 5.06 3.79 9.25 12.27 9.43 12.01 7.23 
Na2O 0.08 0.25 0.38 0.41 0.26 0.95 1.55 0.85 1.37 1.03 
K2O 0.08 0.32 0.07 0.18 0.18 0.30 0.29 0.31 0.30 0.10 
P2O5 0.14 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.00 
LOI 9.03 7.40 4.15 7.75 7.61 4.45 1.92 4.72 1.85 5.68 
Total 100.77 99.20 99.93 100.86 99.38 100.15 99.25 100.65 99.41 99.14 
Sc (ppm) 9.42 7.82 26.64 5.59 7.76 7.30 12.68 3.84 11.57 6.38 
V 36.5 32.5 92.5 15.2 31.7 33.4 61.1 21.1 45.3 16.7 
Cr 37.9 60.5 683.4 31.1 112.8 13.5 77.5 0.2 92.3 10.9 
Co 198.2 63.9 125.1 137.1 166.0 40.2 24.2 39.6 28.5 104.2 
Ni 1257.7 1007.5 915.4 1296.4 1465.1 514.4 544.1 536.9 288.1 727.4 
Cu 35.1 21.7 28.1 62.1 27.3 31.3 49.5 71.4 63.3 19.6 
Zn 72.8 74.6 67.7 50.1 56.7 79.8 44.5 70.2 42.3 60.8 
Ga 3.79 6.30 6.40 6.74 6.18 10.45 12.03 10.67 12.06 9.34 
Ge na na na na na na na na na na 
Rb 7.93 10.87 2.51 7.23 7.70 8.33 3.70 5.90 3.45 1.67 
Sr 26.5 122.1 59.8 88.6 102.0 252.1 267.3 212.6 261.0 118.3 
Y 3.0 1.4 4.0 1.0 1.3 2.3 4.1 1.2 3.1 1.0 
Zr 12.3 5.5 8.2 4.1 4.2 2.1 4.5 9.8 3.0 2.0 
Nb 1.31 0.81 0.63 0.39 0.54 0.78 0.73 1.27 0.67 0.15 
Cs 0.99 1.24 1.09 1.31 1.32 1.00 0.55 1.02 0.88 0.79 
Ba 39.7 47.1 22.8 44.4 39.9 53.9 61.0 58.4 58.1 32.9 
La 2.87 1.47 0.99 1.04 0.83 2.37 2.80 2.22 2.17 1.68 
Ce 6.32 2.51 2.09 1.99 1.58 4.33 5.19 3.94 3.88 2.74 
Pr 0.72 0.27 0.28 0.22 0.18 0.46 0.62 0.42 0.47 0.28 
Nd 2.92 0.83 1.35 0.94 0.72 1.72 2.31 1.39 1.74 1.06 
Sm 0.62 0.18 0.38 0.20 0.16 0.28 0.54 0.27 0.42 0.25 
Eu 0.12 0.14 0.14 0.14 0.12 0.27 0.34 0.24 0.32 0.14 
Gd 0.68 0.15 0.37 0.14 0.17 0.28 0.43 0.23 0.39 0.13 
Tb 0.11 0.03 0.07 0.02 0.02 0.04 0.08 0.04 0.07 0.02 
Dy 0.61 0.16 0.53 0.09 0.17 0.27 0.55 0.16 0.41 0.14 
Ho 0.14 0.05 0.11 0.03 0.04 0.07 0.11 0.04 0.08 0.03 
Er 0.37 0.13 0.33 0.08 0.12 0.19 0.29 0.10 0.22 0.09 
Tm 0.06 0.03 0.06 0.02 0.03 0.03 0.05 0.02 0.04 0.02 
Yb 0.42 0.14 0.39 0.13 0.17 0.23 0.32 0.14 0.25 0.14 
Lu 0.07 0.04 0.07 0.02 0.03 0.05 0.06 0.04 0.05 0.03 
Hf 0.33 0.12 0.18 0.09 0.11 0.06 0.19 0.21 0.10 0.05 
Ta 0.13 0.04 0.04 0.03 0.03 0.04 0.05 0.07 0.05 0.01 
Pb 0.93 0.87 1.69 0.91 1.70 1.88 1.21 10.22 1.41 1.32 
Th 4.43 0.25 0.18 0.10 0.17 0.69 0.35 0.35 0.58 0.11 
U 0.45 0.06 0.05 0.03 0.04 0.05 0.11 0.09 0.06 0.04 
Os (ppb) 15.22 4.00 3.81 0.24 0.94 0.04 nd 0.04 nd 0.18 
Ir 65.44 17.54 14.71 2.73 1.36 0.08 nd 0.04 nd 0.20 
Ru 135.08 21.56 23.31 11.45 3.39 0.68 nd 0.51 nd 0.42 
Rh 463.18 86.07 64.57 13.99 8.37 1.59 nd 1.26 nd 0.38 
Pt 1554.28 991.61 1194.33 158.43 113.87 5.69 nd 10.05 nd 4.06 
Pd 1275.60 1166.83 1582.74 285.73 203.31 42.68 nd 59.11 nd 14.99 
Au 9.52 11.37 13.67 11.14 2.93 0.94 nd 2.09 nd 1.63 
Pt/Pd 1.22 0.85 0.75 0.55 0.56 0.13 nd 0.17 nd 0.27 
PPGE/IPGE 15.26 52.07 67.92 31.77 57.16 62.32 nd 118.80 nd 24.34 
Cu/Pd 0.00 0.00 17.78 217.36 134.42 0.00 nd 0.00 nd 1305.87 
Pd/Ir 19.49 66.52 107.56 104.75 149.41 507.12 nd 1422.29 nd 73.83 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  JD22 JD21 JD20 FT1134 FT1136A FT1140 JD24 FT1143 FT1144 
VSF2_M 246.7 246.81 246.86 247.52 249.22 253.56 256.8 257.44 257.89 
BV1_GC 2994.3 2994.41 2994.46 2995.12 2996.82 3001.16 3004.4 3005.09 3005.49 
UZ-MZb -1392.6 -1392.71 -1392.76 -1393.42 -1395.12 -1399.46 -1402.7 -1403.39 -1403.79 
TU TU2 TU2 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Lith GN GN GN GN olG GN olG olG olGN 
SiO2 (wt.%) 46.68 49.15 48.05 50.27 49.06 49.64 43.98 51.06 48.30 
TiO2 0.09 0.14 0.27 0.31 0.28 0.21 0.08 0.22 0.19 
Al2O3 20.51 22.83 16.37 16.04 14.29 16.48 17.04 15.74 17.66 
Fe2O3 6.53 5.02 5.77 6.00 6.26 7.23 9.63 5.90 6.81 
MnO 0.10 0.08 0.12 0.14 0.15 0.13 0.13 0.13 0.13 
MgO 9.75 6.55 10.42 8.43 9.04 9.99 16.16 8.87 9.64 
CaO 12.32 13.94 16.40 15.31 16.73 13.29 10.48 15.26 14.61 
Na2O 1.71 2.09 1.51 1.71 1.69 1.38 1.30 1.38 1.42 
K2O 0.14 0.17 0.15 0.17 0.24 0.15 0.14 0.19 0.15 
P2O5 0.01 0.01 0.02 0.02 0.01 0.01 0.00 0.01 0.01 
LOI 2.90 1.16 0.82 0.93 2.19 1.90 2.00 0.85 0.71 
Total 100.74 101.15 99.91 99.34 99.93 100.40 100.94 99.60 99.61 
Sc (ppm) 12.86 13.80 35.55 44.69 44.02 28.84 13.59 38.87 31.13 
V 48.7 73.4 174.2 188.5 162.7 107.7 48.2 153.4 118.4 
Cr 53.4 266.0 679.0 636.8 499.7 173.4 44.4 176.4 121.8 
Co 64.8 42.5 36.6 36.5 40.7 55.4 87.1 64.4 51.2 
Ni 358.3 363.0 176.4 172.8 182.7 352.9 643.8 242.2 335.1 
Cu 39.8 41.3 35.3 30.9 38.4 91.8 47.8 42.6 32.3 
Zn 55.0 61.8 52.2 13.1 20.2 20.0 63.8 8.4 26.2 
Ga 13.85 15.78 11.91 11.68 9.54 10.99 10.70 11.13 12.84 
Ge na na na 0.52 0.60 0.46 na 0.61 0.58 
Rb 1.66 2.29 2.80 3.77 6.89 3.45 2.34 5.06 1.87 
Sr 212.8 258.3 178.9 179.2 160.0 164.4 168.6 164.1 180.9 
Y 2.9 5.5 12.0 13.5 10.0 7.3 2.8 8.9 7.0 
Zr 6.3 6.7 15.8 48.8 22.0 15.4 5.7 14.2 10.3 
Nb 0.42 0.82 0.61 1.14 0.44 0.74 0.32 0.49 0.23 
Cs 0.27 0.48 0.20 0.27 0.48 0.36 0.69 0.22 0.31 
Ba 51.0 67.2 52.0 47.6 63.2 54.6 45.7 57.6 43.9 
La 2.54 3.46 3.35 3.73 3.41 3.13 1.85 2.98 2.68 
Ce 4.58 6.56 8.03 8.65 7.83 6.48 3.35 6.60 5.53 
Pr 0.52 0.83 1.20 1.38 1.09 0.82 0.41 0.99 0.72 
Nd 2.10 3.41 5.78 6.04 4.16 3.10 1.77 4.26 2.81 
Sm 0.48 0.81 1.75 1.75 1.37 0.92 0.43 1.23 0.83 
Eu 0.29 0.37 0.40 0.41 0.38 0.32 0.25 0.39 0.34 
Gd 0.36 0.73 1.66 2.01 1.41 0.97 0.35 1.39 0.90 
Tb 0.06 0.12 0.29 0.32 0.23 0.16 0.05 0.21 0.16 
Dy 0.43 0.79 1.90 2.06 1.52 0.99 0.41 1.32 1.02 
Ho 0.08 0.16 0.40 0.42 0.31 0.20 0.08 0.26 0.20 
Er 0.28 0.46 1.03 1.28 0.92 0.62 0.24 0.86 0.60 
Tm 0.05 0.09 0.18 0.17 0.14 0.09 0.04 0.11 0.09 
Yb 0.31 0.44 1.01 1.20 0.87 0.61 0.26 0.75 0.63 
Lu 0.05 0.08 0.18 0.15 0.13 0.09 0.04 0.11 0.08 
Hf 0.13 0.19 0.44 1.29 0.51 0.32 0.12 0.38 0.29 
Ta 0.03 0.08 0.05 0.08 0.04 0.07 0.02 0.05 0.02 
Pb 1.37 3.03 4.02 4.74 5.46 2.51 1.65 1.61 2.15 
Th 0.21 0.26 0.36 2.44 0.46 0.51 0.10 1.11 0.25 
U 0.08 0.08 0.08 0.18 0.13 0.15 0.04 0.11 0.05 
Os (ppb) nd 0.17 nd 0.13 nd nd nd 0.07 nd 
Ir nd 0.21 nd 0.22 nd nd nd 0.10 nd 
Ru nd 1.17 nd 0.81 nd nd nd 0.32 nd 
Rh nd 1.89 nd 1.62 nd nd nd 0.19 nd 
Pt nd 69.13 nd 22.71 nd nd nd 1.30 nd 
Pd nd 37.11 nd 39.98 nd nd nd 1.59 nd 
Au nd 3.52 nd 5.35 nd nd nd 4.89 nd 
Pt/Pd nd 1.86 nd 0.57 nd nd nd 0.82 nd 
PPGE/IPGE nd 69.86 nd 55.50 nd nd nd 6.29 nd 
Cu/Pd nd 1113.84 nd 773.41 nd nd nd 26828.63 nd 
Pd/Ir nd 176.07 nd 181.08 nd nd nd 15.84 nd 
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Table E5 cont.: Whole rock and PGE assay of TU samples of the VSF2 borehole. 
 
  FT1145 FT1146 FT4212 FT1148 JD25 
VSF2_M 261.76 264.26 266.33 267.87 268.46 
BV1_GC 3009.36 3012.06 3013.92 3015.47 3016.06 
UZ-MZb -1407.66 -1410.36 -1412.22 -1413.77 -1414.36 
TU TU1 TU1 TU1 TU1 TU1 
Lith olGN olG GN olGN olG 
SiO2 (wt.%) 47.87 48.35 52.06 48.35 44.79 
TiO2 0.14 0.15 0.17 0.17 0.10 
Al2O3 17.12 17.72 15.67 18.07 16.75 
Fe2O3 8.06 6.91 5.22 6.02 7.63 
MnO 0.14 0.12 0.11 0.11 0.13 
MgO 11.04 9.65 8.57 11.88 16.23 
CaO 12.71 14.90 15.79 12.50 12.94 
Na2O 1.34 1.46 1.46 1.60 1.12 
K2O 0.13 0.15 0.06 0.14 0.10 
P2O5 0.00 0.00 0.03 0.01 0.00 
LOI 0.72 0.71 0.67 0.52 1.13 
Total 99.26 100.13 99.82 99.36 100.93 
Sc (ppm) 26.48 26.72 32.04 40.63 21.44 
V 95.8 94.3 129.1 139.9 80.8 
Cr 93.9 90.5 99.6 117.6 54.3 
Co 62.2 82.8 39.7 36.1 69.4 
Ni 383.1 308.1 253.1 217.3 352.6 
Cu 27.3 29.2 34.1 64.6 35.4 
Zn 28.2 40.6 40.2 10.9 49.5 
Ga 11.68 12.30 11.96 12.32 11.42 
Ge 0.69 0.44 na 0.32 na 
Rb 1.62 2.36 1.63 1.50 1.75 
Sr 172.5 187.0 149.1 162.6 159.5 
Y 5.3 6.0 6.8 7.1 4.2 
Zr 6.8 7.0 24.8 10.1 5.6 
Nb 0.19 0.16 1.28 0.27 0.22 
Cs 0.33 0.28 0.21 0.10 0.60 
Ba 42.4 46.2 48.4 44.0 37.0 
La 2.12 2.29 2.88 2.59 1.76 
Ce 4.37 4.68 6.31 5.34 3.44 
Pr 0.54 0.57 0.80 0.72 0.45 
Nd 2.09 2.30 3.54 2.74 1.94 
Sm 0.63 0.78 0.89 0.86 0.54 
Eu 0.28 0.33 0.37 0.32 0.27 
Gd 0.68 0.73 0.98 0.89 0.50 
Tb 0.12 0.12 0.19 0.16 0.08 
Dy 0.76 0.75 1.31 1.01 0.62 
Ho 0.14 0.17 0.28 0.21 0.12 
Er 0.45 0.48 0.75 0.62 0.33 
Tm 0.07 0.08 0.12 0.09 0.06 
Yb 0.46 0.49 0.80 0.64 0.36 
Lu 0.07 0.07 0.12 0.09 0.06 
Hf 0.19 0.12 0.61 0.24 0.13 
Ta 0.01 0.01 0.08 0.02 0.02 
Pb 1.80 1.85 1.78 0.32 4.05 
Th 0.23 0.13 0.79 0.20 0.09 
U 0.03 0.03 0.15 0.05 0.04 
Os (ppb) nd 0.09 nd nd 0.09 
Ir nd 0.11 nd nd 0.07 
Ru nd 1.57 nd nd 0.80 
Rh nd 0.27 nd nd 0.66 
Pt nd 19.48 nd nd 3.72 
Pd nd 6.43 nd nd 19.20 
Au nd 2.80 nd nd 2.94 
Pt/Pd nd 3.03 nd nd 0.19 
PPGE/IPGE nd 14.79 nd nd 24.50 
Cu/Pd nd 4545.53 nd nd 1842.27 
Pd/Ir nd 57.95 nd nd 268.89 
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Table E6: Whole rock and PGE assay (hydrous) of TU samples of the BV1 borehole. 
 
 BV_01 BV_02 BV_03 BV_04 BV_05 BV_06 BV_07A BV_07B BV_07C 
BV1_M 2802.52 2802.95 2803.46 2805.32 2807.69 2808.44 2809.04 2809.13 2825.82 
VSF2_GC 82.54 82.05 82.56 intrusion 85.04 85.79 88.20 88.23 88.31 
UZ-MZb -1226.72 -1227.15 -1227.66 -1229.52 -1231.89 -1232.64 -1233.24 -1233.33 -1233.41 
Subunit BV-TU2 BV-TU2 BV-TU2 BV-TU2 BV-TU2 BV-TU2 BV-TU2 BV-TU1 BV-TU1 
Lith An LN An granite MGN PYX Serp TROC TROC 
SiO2 (wt.%) 48.12 49.62 49.90 76.27 49.08 49.61 43.26 50.71 47.05 
TiO2 0.03 0.05 0.05 0.25 0.19 0.23 0.11 0.11 0.03 
Al2O3 31.52 27.46 28.81 11.30 8.66 5.52 13.15 19.27 23.19 
Fe2O3 0.71 3.27 2.58 2.74 11.50 13.02 9.15 5.83 5.83 
MnO 0.01 0.06 0.04 0.03 0.21 0.23 0.23 0.11 0.07 
MgO 0.17 3.52 2.14 0.09 23.57 26.40 21.17 13.02 10.04 
CaO 15.95 13.03 14.53 1.10 6.66 5.09 7.74 10.02 11.34 
Na2O 2.37 1.96 2.17 2.93 0.75 0.50 0.85 0.60 1.24 
K2O 0.10 0.14 0.13 4.58 0.10 0.09 0.96 0.27 0.51 
P2O5 0.01 0.01 0.02 0.03 0.01 0.02 0.02 0.00 0.01 
LOI 0.29 0.43 0.17 0.30 0.15 0.21 2.68 0.49 3.13 
Total 99.28 99.55 100.55 99.61 100.87 100.92 99.31 100.41 102.45 
Sc (ppm) 1.06 7.50 5.81 1.86 29.53 36.67 18.90 13.56 2.38 
V 11.28 36.62 31.40 6.98 105.71 155.09 73.30 70.52 10.85 
Cr 12.60 449.33 200.25 4.42 1025.09 1618.73 880.56 624.40 32.65 
Co 2.58 12.09 14.84 1.30 50.75 57.44 41.38 28.28 29.23 
Ni 11.22 421.66 38.42 55.09 341.36 308.25 362.47 298.36 369.05 
Cu 13.47 15.12 9.53 10.96 37.34 16.37 72.89 14.27 19.58 
Zn 47.20 20.28 20.38 39.17 60.09 77.79 87.69 54.33 56.64 
Ga 17.06 16.80 18.52 15.44 7.07 7.80 9.60 10.98 11.19 
Rb 0.85 1.88 1.19 122.02 1.92 3.26 40.99 8.82 22.93 
Sr 267.33 242.17 270.73 96.82 66.87 50.43 116.72 193.61 218.71 
y 0.50 1.43 1.36 25.68 4.74 9.48 2.67 2.08 0.29 
Zr 1.13 3.57 5.88 298.84 8.26 42.17 8.26 4.38 5.65 
Nb 0.29 0.27 0.30 5.47 0.53 0.64 0.38 0.76 0.85 
Cs 0.11 0.42 0.15 1.71 0.25 0.30 3.11 0.65 3.81 
Ba 44.02 43.82 46.53 960.18 27.73 19.45 115.58 55.47 61.64 
La 1.29 1.46 1.52 30.87 1.36 2.34 1.94 1.44 1.11 
Ce 2.17 2.49 2.58 58.99 2.90 5.27 3.60 2.39 1.80 
Pr 0.24 0.30 0.31 7.34 0.42 0.77 0.45 0.27 0.19 
Nd 0.92 1.01 1.11 26.30 1.66 3.13 1.65 1.05 0.54 
Sm 0.15 0.18 0.21 5.03 0.47 0.85 0.37 0.27 0.09 
Eu 0.26 0.24 0.27 1.82 0.18 0.19 0.27 0.22 0.22 
Gd 0.08 0.11 0.13 5.66 0.53 1.00 0.37 0.23 0.08 
Tb 0.01 0.02 0.02 0.75 0.10 0.19 0.06 0.04 0.02 
Dy 0.07 0.16 0.20 4.78 0.74 1.42 0.44 0.32 0.08 
Ho 0.02 0.04 0.04 0.86 0.17 0.29 0.09 0.07 0.01 
Er 0.05 0.14 0.14 2.70 0.53 1.06 0.31 0.24 0.03 
Tm 0.01 0.02 0.02 0.37 0.09 0.16 0.05 0.04 0.00 
Yb 0.05 0.14 0.16 2.51 0.67 1.16 0.39 0.24 0.03 
Lu 0.01 0.02 0.02 0.38 0.10 0.19 0.06 0.05 0.01 
Hf 0.02 0.06 0.16 7.10 0.26 0.97 0.24 0.10 0.16 
Ta 0.03 0.02 0.02 0.36 0.03 0.06 0.03 0.04 0.04 
Pb 1.18 2.17 10.70 13.27 1.00 1.61 5.93 1.31 1.25 
Th 0.10 0.15 0.08 6.54 0.62 1.64 0.26 0.65 0.25 
U 0.03 0.03 0.03 1.64 0.09 0.22 0.06 0.03 0.02 
Os (ppb) 0.78 0.66 nd 0.06 0.83 0.10 40.06 0.20 0.07 
Ir 0.78 0.85 nd 0.05 1.04 0.13 41.64 0.77 0.14 
Ru 4.30 4.01 nd 0.57 7.63 4.96 87.23 1.72 1.34 
Rh 1.69 1.98 nd 0.44 6.23 0.68 388.88 8.41 0.65 
Pt 3.18 8.02 nd 19.13 82.78 5.13 3014.09 154.40 138.32 
Pd 4.90 12.94 nd 10.08 139.87 4.64 2502.31 1532.83 2.86 
Au 0.23 1.16 nd 4.47 1.07 0.40 10.23 11.70 12.08 
Pt/Pd 0.65 0.62 nd 1.90 0.59 1.11 1.20 0.10 48.37 
PPGE/IPGE 1.67 4.15 nd 43.24 24.07 2.01 34.96 628.78 91.79 
Cu/Pd 2427.39 914.26 nd 0.00 281.47 3591.56 26.72 9.39 5552.74 
Pd/Ir 6.26 15.15 nd 202.62 134.12 36.75 60.10 1984.86 21.16 
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Table E6 cont.: Whole rock and PGE assay (hydrous) of TU samples of the BV1. 
 
 BV_08 BV_09 BV_10 BV_11 BV_12 BV_13 BV_14 BV_15 BV_16 
BV1_M 2810.21 2810.91 2815.63 2877.77 2840.06 2850.38 2861.30 2866.58 2874.58 
VSF2_GC 89.31 90.01 94.73 intrusion 116.21 126.53 137.45 intrusion intrusion 
UZ-MZb -1234.41 -1235.11 -1239.83 -1250.02 -1264.26 -1274.58 -1285.5 -1290.78 -1298.78 
Subunit BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 
Lith Troc 
px in 
TROC MOLGN contact TROC 
opx 
OlGN norite granite granite 
SiO2 (wt.%) 45.87 45.91 46.60 54.68 47.64 48.64 47.84 75.53 68.56 
TiO2 0.05 0.06 0.10 0.26 0.08 0.10 0.05 0.20 0.38 
Al2O3 20.74 20.56 16.18 19.02 20.08 17.24 21.16 11.54 15.01 
Fe2O3 6.31 6.16 6.98 7.63 6.88 7.88 6.04 2.66 4.49 
MnO 0.09 0.10 0.12 0.10 0.11 0.13 0.09 0.04 0.09 
MgO 12.04 12.01 13.12 5.98 11.38 16.29 12.30 0.07 0.17 
CaO 12.27 13.16 13.75 7.90 10.83 9.34 10.24 1.08 2.82 
Na2O 1.36 1.38 1.68 1.53 1.89 1.31 0.61 3.01 4.84 
K2O 0.10 0.13 0.06 1.30 0.10 0.12 0.54 4.83 3.26 
P2O5 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.03 0.07 
LOI 0.86 0.98 0.14 0.91 0.04 0.19 1.76 0.35 0.32 
Total 99.70 100.47 98.74 99.34 99.04 101.25 100.65 99.34 99.99 
Sc (ppm) 11.97 16.17 27.29 5.47 11.42 17.04 6.10 2.79 4.49 
V 49.31 46.76 110.73 30.81 32.07 82.33 25.05 7.87 12.12 
Cr 686.00 847.39 1522.55 50.40 512.72 921.19 199.74 1.62 6.92 
Co 28.85 26.71 28.20 32.14 25.11 35.33 29.52 1.17 2.92 
Ni 290.06 427.15 305.94 2218.70 249.47 267.57 434.58 6.69 304.39 
Cu 21.05 28.83 29.32 27.72 18.56 16.45 13.79 13.33 28.05 
Zn 25.99 25.21 32.05 107.35 25.71 39.72 66.67 36.14 77.54 
Ga 13.31 11.14 11.44 11.67 12.51 12.08 11.04 15.75 22.22 
Rb 1.72 2.48 1.04 49.38 1.45 2.16 54.71 148.90 95.28 
Sr 188.85 162.97 140.22 171.11 174.45 167.74 211.24 96.97 148.49 
y 1.45 1.61 3.33 9.27 1.33 2.65 0.69 41.41 48.39 
Zr 3.54 3.39 2.58 66.19 3.28 9.08 3.07 272.44 537.14 
Nb 0.18 0.38 0.29 4.03 0.20 0.90 0.82 9.56 9.00 
Cs 0.51 0.62 0.03 2.47 0.07 0.35 2.47 3.14 3.17 
Ba 32.18 39.59 26.89 393.20 36.82 40.14 142.35 1017.06 858.49 
La 1.27 1.79 1.49 7.86 1.44 1.80 1.11 13.83 19.28 
Ce 2.34 3.17 3.01 14.54 2.69 3.42 1.83 34.60 42.79 
Pr 0.30 0.41 0.39 1.79 0.33 0.44 0.19 5.59 6.52 
Nd 1.18 1.52 1.68 7.32 1.13 1.67 0.59 23.83 27.16 
Sm 0.26 0.32 0.42 1.68 0.25 0.37 0.13 6.26 7.24 
Eu 0.21 0.22 0.26 0.89 0.23 0.25 0.22 1.64 2.38 
Gd 0.24 0.24 0.48 1.53 0.23 0.35 0.13 6.22 6.76 
Tb 0.04 0.05 0.09 0.28 0.04 0.07 0.02 1.02 1.10 
Dy 0.28 0.37 0.68 1.36 0.30 0.48 0.11 6.73 7.28 
Ho 0.06 0.07 0.13 0.28 0.06 0.10 0.03 1.21 1.36 
Er 0.21 0.23 0.44 0.82 0.22 0.36 0.06 3.88 4.31 
Tm 0.03 0.03 0.06 0.13 0.03 0.05 0.01 0.58 0.68 
Yb 0.21 0.23 0.47 0.78 0.26 0.39 0.11 3.90 4.98 
Lu 0.03 0.04 0.07 0.13 0.04 0.07 0.02 0.57 0.77 
Hf 0.09 0.07 0.07 1.65 0.07 0.25 0.06 6.33 10.45 
Ta 0.02 0.03 0.03 0.21 0.02 0.05 0.04 0.63 0.81 
Pb 1.42 1.05 1.10 18.74 0.72 5.20 6.75 11.22 12.86 
Th 0.68 0.23 0.82 1.24 0.37 1.30 0.38 8.82 4.74 
U 0.03 0.05 0.05 0.29 0.07 0.09 0.04 8.15 2.13 
Os (ppb) 0.14 0.21 0.20 0.02 0.18 0.09 0.16 0.03 nd 
Ir 0.11 0.13 0.07 0.05 0.14 0.09 0.52 0.03 nd 
Ru 1.79 2.31 1.09 0.29 1.94 1.20 1.33 0.69 nd 
Rh 0.58 0.88 0.38 0.11 0.11 0.44 1.32 0.22 nd 
Pt 7.76 10.75 6.27 18.25 2.26 20.90 136.54 27.06 nd 
Pd 6.94 9.00 5.61 5.10 2.82 27.08 52.02 1.44 nd 
Au 0.82 0.30 0.23 1.33 2.18 2.14 10.22 1.42 nd 
Pt/Pd 1.12 1.20 1.12 3.58 0.80 0.77 2.62 18.77 nd 
PPGE/IPGE 7.50 7.78 9.02 64.09 2.29 35.11 94.46 38.01 nd 
Cu/Pd 2793.99 2711.33 6416.39 0.00 5550.20 699.29 265.60 0.00 nd 
Pd/Ir 64.22 68.10 76.51 108.75 20.02 317.90 100.20 42.42 nd 
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Table E6 cont.: Whole rock and PGE assay (hydrous) of TU samples of the BV1. 
 
 BV_17 BV_18 BV_19 BV_20 BV_21 BV_22 BV_23 BV_24A BV_24B BV_24D 
BV1_M 2809.21 2887.70 2888.01 2894.23 2900.02 2915.78 2924.27 2944.75 2944.83 2944.95 
VSF2_GC intrusion 149.24 149.55 intrusion 161.56 177.32 185.81 206.29 206.37 206.49 
UZ-MZb -1301.97 -1311.9 -1312.21 -1318.43 -1324.22 -1339.98 -1348.47 -1368.95 -1369.03 -1369.15 
Subunit BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 BV-TU1 
Lith contact An Troc granite TROC TROC TROC 
serp 
TROC FAULT 
serp 
TROC 
SiO2 (wt.%) 63.46 48.52 49.58 78.10 46.61 48.27 44.43 42.49 47.79 42.25 
TiO2 0.40 0.04 0.08 0.22 0.05 0.05 0.03 0.11 0.09 0.04 
Al2O3 13.67 30.84 26.14 10.96 24.75 19.46 22.19 24.82 13.21 20.47 
Fe2O3 6.74 1.62 3.09 2.15 5.48 7.46 7.36 5.01 11.00 6.05 
MnO 0.08 0.03 0.06 0.03 0.07 0.11 0.09 0.03 0.05 0.08 
MgO 3.58 0.90 3.60 0.08 8.80 13.40 13.56 6.93 9.53 8.08 
CaO 4.77 14.99 14.15 0.93 12.56 9.49 10.89 4.86 7.28 10.87 
Na2O 1.91 1.99 0.89 2.81 1.85 1.22 1.71 0.22 0.07 1.30 
K2O 2.82 0.70 0.66 4.19 0.15 0.19 0.14 4.64 0.59 1.02 
P2O5 0.02 0.02 0.01 0.03 0.01 0.00 0.02 0.01 0.05 0.06 
LOI 1.28 1.17 1.60 0.28 0.24 0.04 0.36 9.92 11.65 9.85 
Total 98.73 100.80 99.86 99.77 100.58 99.69 100.78 99.03 101.33 100.07 
Sc (ppm) 5.65 1.77 6.93 3.34 4.83 6.29 2.57 8.27 3.55 3.54 
V 27.22 13.31 30.07 4.41 20.97 28.84 8.70 37.62 23.84 20.21 
Cr 214.99 7.79 121.09 5.43 71.27 129.85 26.35 61.25 28.48 28.01 
Co 30.98 8.54 15.06 1.02 24.90 35.53 30.90 21.79 43.49 29.73 
Ni 113.31 26.71 219.61 70.43 315.46 893.83 463.56 321.40 5703.23 277.36 
Cu 17.15 16.47 5.03 35.26 11.33 11.13 35.23 23.82 297.53 26.81 
Zn 74.25 40.53 68.47 48.22 24.60 62.06 47.63 29.51 46.53 15.06 
Ga 14.00 14.74 12.68 16.35 14.26 10.33 13.99 14.43 11.19 11.89 
Rb 127.16 29.14 60.84 131.80 3.00 0.78 1.66 172.83 28.38 36.37 
Sr 123.39 239.55 250.13 86.34 235.62 200.52 221.72 34.20 38.22 181.34 
y 38.21 0.67 2.68 41.45 1.77 0.89 0.67 1.73 2.55 0.61 
Zr 233.52 0.47 3.69 291.04 5.48 3.23 2.15 5.48 13.05 2.62 
Nb 10.93 0.14 0.64 11.25 0.38 0.58 0.36 0.28 1.25 0.20 
Cs 3.31 0.84 2.00 2.10 0.48 0.14 0.12 9.72 6.68 2.17 
Ba 478.17 122.74 160.28 1018.87 38.76 36.61 42.05 231.34 39.54 104.81 
La 73.03 1.39 1.76 169.34 1.52 1.14 1.54 2.18 4.21 1.32 
Ce 140.11 2.36 3.13 310.21 2.66 1.87 2.70 3.71 7.24 2.27 
Pr 16.57 0.29 0.39 34.20 0.34 0.21 0.31 0.43 0.89 0.27 
Nd 59.61 0.97 1.53 105.84 1.25 0.66 1.12 1.49 3.15 0.92 
Sm 10.69 0.18 0.33 14.55 0.22 0.12 0.19 0.27 0.66 0.16 
Eu 1.17 0.29 0.32 1.79 0.26 0.20 0.26 0.25 0.26 0.23 
Gd 9.17 0.11 0.38 13.02 0.17 0.10 0.12 0.25 0.49 0.08 
Tb 1.50 0.02 0.06 1.44 0.03 0.02 0.01 0.04 0.07 0.01 
Dy 6.39 0.12 0.42 7.79 0.24 0.13 0.10 0.27 0.43 0.09 
Ho 1.16 0.03 0.08 1.33 0.05 0.04 0.02 0.05 0.08 0.02 
Er 3.20 0.09 0.22 4.12 0.17 0.09 0.07 0.19 0.26 0.08 
Tm 0.46 0.02 0.04 0.60 0.02 0.01 0.01 0.03 0.03 0.01 
Yb 3.06 0.09 0.18 4.21 0.16 0.11 0.07 0.21 0.21 0.11 
Lu 0.50 0.01 0.04 0.60 0.03 0.03 0.01 0.03 0.03 0.02 
Hf 6.33 0.01 0.10 7.40 0.11 0.10 0.04 0.17 0.29 0.06 
Ta 0.77 0.02 0.04 0.98 0.03 0.04 0.02 0.02 0.09 0.02 
Pb 11.18 5.86 18.65 13.94 1.41 0.74 0.96 2.06 3.21 1.19 
Th 9.51 0.58 0.22 37.24 0.19 0.39 0.19 0.11 0.88 0.33 
U 2.65 0.03 0.04 5.26 0.04 0.03 0.05 0.04 0.18 0.04 
Os (ppb) 0.03 0.04 0.11 0.03 0.17 0.01 0.11 nd 0.05 nd 
Ir 0.06 0.07 0.11 0.07 0.11 0.04 0.06 nd 0.08 nd 
Ru 1.02 0.61 1.86 1.04 2.14 0.31 0.81 nd 0.95 nd 
Rh 0.33 0.41 0.63 0.32 0.63 0.33 0.71 nd 0.18 nd 
Pt 54.80 4.08 5.80 59.96 6.45 122.10 4.74 nd 2.07 nd 
Pd 2.57 5.29 4.45 4.56 6.25 11.72 4.18 nd 0.60 nd 
Au 5.41 0.53 3.24 6.84 0.29 8.07 0.76 nd 1.17 nd 
Pt/Pd 21.36 0.77 1.30 13.14 1.03 10.42 1.14 nd 3.45 nd 
PPGE/IPGE 51.79 13.75 5.26 56.98 5.50 368.87 9.83 nd 2.64 nd 
Cu/Pd 0.00 2941.53 1391.71 0.00 1869.88 1110.16 7166.00 nd 0.00 nd 
Pd/Ir 39.85 76.81 40.82 63.02 57.54 320.07 65.42 nd 7.25 nd 
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Appendix F 
Chapter 8: Trace element mineral chemistry of 
the TU and MZ  
 
F.1-4 Mineral chemistry of the main silicate minerals 
of the TU and MZ as determined by LA-ICP-MS: 
plagioclase, olivine, orthopyroxene and 
clinopyroxene.   
 
Data sheets of the trace element mineral chemistry of the main silicate minerals of 
the TU and MZ, as determined by full quant LA-ICP-MS, are given in the following 
Tables. Please see Supplementary Appendix 18 for the full LA-ICP-MS dataset 
including running conditions, set-up, standards and statistical analysis.   
 
F1. Plagioclase 
 
Table F1: Mineral chemistry of plagioclase of the MZ as determined by LA-ICP-MS.  
Sample ID BK015 BK015 BK015 BK015 BK072 BK072 BK072 BK072 
#plag 1 2 3 4 1 2 3 4 
VSF2 390.27 390.27 390.27 390.27 422.82 422.82 422.82 422.82 
BV1_GC 3137.87 3137.87 3137.87 3137.87 3170.42 3170.42 3170.42 3170.42 
UZ-MZb -1536.17 -1536.17 -1536.17 -1536.17 -1568.72 -1568.72 -1568.72 -1568.72 
Strat MZ MZ MZ MZ MZ MZ MZ MZ 
Lithology GN GN GN GN GN GN GN GN 
Texture frame frame frame frame frame frame frame frame 
Int. Std. 0.91 1.02 0.90 1.09 0.20 0.43 0.35 0.36 
Ti (ppm) 109 119 132 116 50 31 15 203 
Al2O3 (wt.%) 22.60 20.70 22.55 20.98 38.62 33.45 31.66 24.48 
FeO (wt.%) 0.458 0.398 0.396 0.336 0.169 bdl bdl 0.346 
Fe cal. (wt.%) 0.32 0.28 0.28 0.23 0.12 0.01 0.01 0.24 
Mn (ppm) 15 13 14 42 25 7 20 bdl 
MgO (wt.%) 0.04 0.03 0.03 0.02 0.36 0.09 0.16 0.00 
CaO (wt.%) 9.65 8.86 9.31 8.82 15.50 13.71 10.54 9.70 
Na2O (wt.%) 4.54 4.48 4.39 4.08 6.62 5.29 4.82 4.87 
K2O (wt.%) 0.23 0.25 0.24 0.19 0.36 0.38 0.34 0.29 
Sr (ppm) 261.7 245.3 261.7 240.6 494.6 406.9 385.2 294.6 
Ba (ppm) 67.3 65.7 72.7 66.0 118.6 94.6 100.9 80.9 
Pb (ppm) 2.24 2.12 2.19 bdl 1.35 1.09 0.93 0.98 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) bdl bdl bdl bdl 3.54 bdl bdl 1.94 
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Table F1 cont.: Mineral chemistry of plagioclase of the MZ. 
Sample ID BK009 BK009 BK009 BK062 BK062 BK062 BK062 BK062 
#plag 1 2 3 1 2 3 4 5 
VSF2 499.13 499.13 499.13 509.74 509.74 509.74 509.74 509.74 
BV1_GC 3246.73 3246.73 3246.73 3257.34 3257.34 3257.34 3257.34 3257.34 
UZ-MZb -1645.03 -1645.03 -1645.03 -1655.64 -1655.64 -1655.64 -1655.64 -1655.64 
Strat MZ MZ MZ MZ MZ MZ MZ MZ 
Lithology GN GN GN GN GN GN GN GN 
Texture frame frame frame frame frame frame frame frame 
Int. Std. 0.13 0.11 0.24 0.60 0.79 0.84 0.90 0.85 
Ti (ppm) 223 152 131 123 116 125 103 109 
Al2O3 (wt.%) 34.41 31.34 23.10 25.76 19.68 21.24 22.39 22.46 
FeO (wt.%) 0.602 0.487 0.506 0.408 0.335 0.372 0.309 0.389 
Fe cal. (wt.%) 0.42 0.34 0.35 0.28 0.23 0.26 0.22 0.27 
Mn (ppm) bdl bdl 13 bdl 14 14 13 15 
MgO (wt.%) 0.06 0.03 0.03 bdl 0.04 0.03 0.03 0.04 
CaO (wt.%) 15.45 13.83 10.16 10.87 8.44 9.10 9.12 9.39 
Na2O (wt.%) 5.70 3.91 5.00 4.07 4.50 4.05 3.90 4.81 
K2O (wt.%) 0.37 0.31 0.27 0.24 0.31 0.26 0.24 0.28 
Sr (ppm) 444.3 459.5 281.9 268.9 219.9 226.6 234.2 237.1 
Ba (ppm) 129.0 84.4 66.4 62.9 58.5 55.1 57.5 63.3 
Pb (ppm) 4.28 8.00 1.26 0.80 0.66 0.68 0.68 0.73 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 2.86 bdl bdl bdl bdl bdl bdl bdl 
 
*Frame= framework phase, Incl. = inclusion phase, Inter. = interstitial phase, P/O= phenocryst or 
oikocryst, In. std. = internal standard, nd = not determined, bdl = below detection limit, chada = 
chadacryst, other abbreviations as used elsewhere in the text.  
 
 
Table F1 cont.: Mineral chemistry of plagioclase of the MZ. 
Sample ID BK062 BK062 BK062 BK062 BK062 BK062 BK062 
#plag 6 7 8 9 10 11 12 
VSF2 509.74 509.74 509.74 509.74 509.74 509.74 509.74 
BV1_GC 3257.34 3257.34 3257.34 3257.34 3257.34 3257.34 3257.34 
UZ-MZb -1655.64 -1655.64 -1655.64 -1655.64 -1655.64 -1655.64 -1655.64 
Strat MZ MZ MZ MZ MZ MZ MZ 
Lithology GN GN GN GN GN GN GN 
Texture frame frame frame frame frame frame frame 
Int. Std. 0.72 0.92 0.79 0.76 0.92 0.69 0.76 
Ti (ppm) 132 116 162 114 106 123 125 
Al2O3 (wt.%) 26.63 22.59 22.49 25.82 20.32 24.74 23.00 
FeO (wt.%) 0.564 0.356 0.286 0.117 0.317 0.372 0.343 
Fe cal. (wt.%) 0.39 0.25 0.20 0.08 0.22 0.26 0.24 
Mn (ppm) 80 19 12 bdl 13 15 13 
MgO (wt.%) 0.13 0.08 0.03 0.04 0.03 0.03 0.04 
CaO (wt.%) 11.23 9.60 9.45 10.22 8.51 10.36 8.91 
Na2O (wt.%) 4.32 4.42 4.59 4.51 4.08 4.23 4.20 
K2O (wt.%) 0.27 0.26 0.26 0.26 0.27 0.26 0.27 
Sr (ppm) 276.8 234.2 245.6 269.8 213.6 260.3 243.8 
Ba (ppm) 69.7 60.7 62.5 65.3 57.5 64.7 62.8 
Pb (ppm) 0.80 0.75 0.64 0.61 0.64 0.72 0.60 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) bdl 2.31 bdl bdl 4.19 6.10 bdl 
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Table F2: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID FT1002 FT1002 FT1002 FT1002 FT1002 FT1002 FT1003 FT1003 
#plag 1 2 3 4 5 6 1 2 
VSF2 15.5 15.5 15.5 15.5 15.5 15.5 27.95 27.95 
BV1_GC 2735.16 2735.16 2735.16 2735.16 2735.16 2735.16 2747.61 2747.61 
UZ-MZb -1161.4 -1161.4 -1161.4 -1161.4 -1161.4 -1161.4 -1173.85 -1173.85 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology OLN OLN OLN OLN OLN OLN GN GN 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.07 0.09 0.22 0.25 0.25 0.02 0.83 0.84 
Ti (ppm) 208 91 148 167 189 127 151 128 
Al2O3 (wt.%) 34.90 39.70 31.58 33.90 35.01 40.97 23.33 23.23 
FeO (wt.%) 0.872 0.268 bdl 0.454 0.420 0.458 0.479 0.462 
Fe cal. (wt.%) 0.61 0.19 bdl 0.32 0.29 0.32 0.33 0.32 
Mn (ppm) 177 bdl bdl 41 14 bdl 20 16 
MgO (wt.%) 0.39 bdl bdl 0.07 0.02 0.03 0.17 0.12 
CaO (wt.%) 14.91 15.43 13.58 14.22 14.11 16.66 11.40 11.50 
Na2O (wt.%) 3.56 3.32 2.88 3.52 3.15 3.17 3.32 2.86 
K2O (wt.%) 0.17 0.19 0.18 0.15 0.15 0.14 0.13 0.09 
Sr (ppm) 378.6 408.6 349.6 367.6 378.9 430.1 239.9 244.0 
Ba (ppm) 91.7 85.5 92.8 88.8 92.0 102.0 57.5 56.4 
Pb (ppm) 4.18 2.95 1.47 1.46 1.16 3.78 1.46 1.52 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 3.66 1.34 2.44 3.28 2.82 bdl bdl bdl 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID FT1003 FT1003 FT1003 FT1003 FT1003 FT1006 FT1006 FT1006 
#plag 3 4 5 6 7 1 2 3 
VSF2 27.95 27.95 27.95 27.95 27.95 36.84 36.84 36.84 
BV1_GC 2747.61 2747.61 2747.61 2747.61 2747.61 2756.5 2756.5 2756.5 
UZ-MZb -1173.85 -1173.85 -1173.85 -1173.85 -1173.85 -1182.74 -1182.74 -1182.74 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology GN GN GN GN GN ol GN ol GN ol GN 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.72 0.70 0.53 0.50 0.48 0.06 0.11 0.06 
Ti (ppm) 177 184 169 200 176 19 176 236 
Al2O3 (wt.%) 30.95 30.02 29.27 29.52 31.00 69.29 37.13 37.27 
FeO (wt.%) 0.478 0.401 0.436 0.470 0.487 bdl 0.487 0.442 
Fe cal. (wt.%) 0.33 0.28 0.30 0.33 0.34 bdl 0.34 0.31 
Mn (ppm) 24 15 14 18 19 bdl 22 17 
MgO (wt.%) 0.12 0.04 0.05 0.05 0.11 bdl 0.08 0.05 
CaO (wt.%) 14.41 13.66 13.98 13.67 15.24 12.24 15.20 16.54 
Na2O (wt.%) 3.39 2.87 3.05 3.28 3.06 5.22 3.36 3.55 
K2O (wt.%) 0.11 0.10 0.08 0.11 0.08 0.25 0.15 0.17 
Sr (ppm) 307.8 289.9 285.8 294.5 296.9 657.8 362.2 370.3 
Ba (ppm) 66.6 66.6 50.3 68.5 64.9 120.4 56.6 79.7 
Pb (ppm) 1.47 2.04 1.94 1.71 1.50 1.13 0.60 1.15 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) bdl bdl 2.91 bdl bdl bdl 2.15 1.60 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID FT1019 FT1019 FT1019 FT1019 FT1019 FT1019 FT1030 FT1030 
#plag 1 2 3 4 5 6 1 2 
VSF2 65.94 65.94 65.94 65.94 65.94 65.94 82.44 82.44 
BV1_GC 2785.6 2785.6 2785.6 2785.6 2785.6 2785.6 2802.1 2802.1 
UZ-MZb -1211.84 -1211.84 -1211.84 -1211.84 -1211.84 -1211.84 -1228.34 -1228.34 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology LN LN LN LN LN LN OL LN motl An 
Texture frame frame frame frame frame frame incl frame 
Int Std 0.79 0.83 0.84 0.64 0.69 0.75 0.32 0.25 
Ti (ppm) 158 169 148 147 149 114 134 197 
Al2O3 (wt.%) 25.61 27.68 27.53 31.24 28.80 26.76 31.62 31.33 
FeO (wt.%) 1.196 0.769 3.184 0.391 0.301 0.342 0.798 0.515 
Fe cal. (wt.%) 0.83 0.54 2.22 0.27 0.21 0.24 0.56 0.36 
Mn (ppm) 129 57 324 20 19 23 44 15 
MgO (wt.%) 0.95 0.34 2.47 0.09 0.06 0.09 0.57 0.05 
CaO (wt.%) 12.17 13.67 11.79 15.25 13.93 12.63 15.30 14.14 
Na2O (wt.%) 2.71 2.97 2.42 2.52 2.93 2.77 3.15 3.37 
K2O (wt.%) 0.09 0.13 0.10 0.09 0.09 0.07 0.17 0.18 
Sr (ppm) 249.7 269.1 240.4 293.6 280.9 256.6 332.2 336.5 
Ba (ppm) 57.6 58.6 52.1 54.9 62.8 52.5 75.9 79.5 
Pb (ppm) 1.77 1.40 2.40 2.60 1.90 2.50 1.31 1.13 
Cr (ppm) bdl bdl bdl bdl bdl bdl 28 bdl 
Eu* (ratio) bdl bdl 2.04 bdl bdl bdl 3.78 2.34 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID FT1030 FT1030 FT1030 FT1030 FT1030 FT1030 FT1030 FT1030 
#plag 3 4 5 6 7 8 9 10 
VSF2 82.44 82.44 82.44 82.44 82.44 82.44 82.44 82.44 
BV1_GC 2802.1 2802.1 2802.1 2802.1 2802.1 2802.1 2802.1 2802.1 
UZ-MZb -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology motl An motl An motl An motl An motl An motl An motl An motl An 
Texture frame frame frame frame frame incl incl frame 
Int Std 0.28 0.11 0.07 0.18 0.20 0.23 0.03 0.19 
Ti (ppm) 188 220 264 183 192 224 224 107 
Al2O3 (wt.%) 32.46 31.52 34.16 29.21 32.25 32.86 41.44 31.55 
FeO (wt.%) 0.309 1.250 0.682 0.212 0.510 0.341 0.720 0.694 
Fe cal. (wt.%) 0.22 0.87 0.47 0.15 0.36 0.24 0.50 0.48 
Mn (ppm) 15 55 17 24 21 bdl bdl 33 
MgO (wt.%) bdl 0.97 0.09 bdl 0.11 bdl 0.14 0.12 
CaO (wt.%) 15.05 13.46 15.52 13.17 15.47 14.34 13.62 14.62 
Na2O (wt.%) 3.26 3.16 3.79 3.61 3.49 3.40 3.24 3.35 
K2O (wt.%) 0.15 0.20 0.21 0.17 0.17 0.16 0.17 0.19 
Sr (ppm) 344.3 342.0 393.5 319.7 345.9 362.2 433.1 351.5 
Ba (ppm) 85.5 84.8 96.6 87.0 85.8 94.8 102.6 81.8 
Pb (ppm) 1.14 1.45 1.39 1.62 1.61 1.99 1.16 1.08 
Cr (ppm) bdl bdl bdl bdl 7 bdl 28 6 
Eu* (ratio) 3.22 2.81 1.03 1.85 2.86 2.28 1.72 3.18 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID JD33 JD33 JD33 JD33 JD33 JD33 JD33 JD33 
#plag 1 2 3 4 5 6 7 8 
VSF2 82.82 82.82 82.82 82.82 82.82 82.82 82.82 82.82 
BV1_GC 2803.73 2803.73 2803.73 2803.73 2803.73 2803.73 2803.73 2803.73 
UZ-MZb -1228.72 -1228.72 -1228.72 -1228.72 -1228.72 -1228.72 -1228.72 -1228.72 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology motl An motl An motl An motl An motl An motl An motl An motl An 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.12 0.05 0.26 0.27 0.31 0.28 0.21 0.31 
Ti (ppm) 136 167 96 140 141 155 186 163 
Al2O3 (wt.%) 32.61 33.11 33.07 32.00 31.69 33.27 34.66 35.36 
FeO (wt.%) 0.558 0.689 0.423 0.568 0.776 0.546 0.634 0.608 
Fe cal. (wt.%) 0.39 0.48 0.29 0.40 0.54 0.38 0.44 0.42 
Mn (ppm) 18 48 bdl 25 60 22 22 22 
MgO (wt.%) 0.03 0.27 bdl 0.04 0.33 0.04 0.04 0.03 
CaO (wt.%) 14.83 13.48 13.91 14.00 12.91 14.59 15.39 15.52 
Na2O (wt.%) 2.65 4.02 3.01 3.54 3.25 3.42 3.81 2.98 
K2O (wt.%) 0.16 0.26 0.34 0.17 0.66 0.16 0.16 0.15 
Sr (ppm) 342.6 345.6 345.3 334.0 333.0 341.7 365.4 352.0 
Ba (ppm) 57.6 73.5 87.8 63.6 119.5 58.7 65.1 56.3 
Pb (ppm) 0.58 1.10 0.62 0.57 0.66 0.48 0.63 0.53 
Cr (ppm) bdl 13 bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 2.28 0.85 2.98 3.31 2.48 2.35 3.12 2.55 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID JD33 JD33 JD33 JD33 JD33 FT4201A FT4201A FT4201A 
#plag 9 10 11 12 13 1 2 3 
VSF2 82.82 82.82 82.82 82.82 82.82 86.11 86.11 86.11 
BV1_GC 2803.73 2803.73 2803.73 2803.73 2803.73 2807.03 2807.03 2807.03 
UZ-MZb -1228.72 -1228.72 -1228.72 -1228.72 -1228.72 -1232.02 -1232.02 -1232.02 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology motl An motl An motl An motl An motl An OLMGN An vein An vein 
Texture frame frame frame frame frame incl frame frame 
Int Std 0.15 0.22 0.02 0.22 0.22 0.23 0.40 0.44 
Ti (ppm) 25 154 193 166 166 138 174 234 
Al2O3 (wt.%) 30.64 31.44 35.90 32.98 32.98 33.35 32.13 30.76 
FeO (wt.%) 0.079 0.575 0.825 0.640 0.640 0.369 1.041 0.755 
Fe cal. (wt.%) 0.06 0.40 0.57 0.45 0.45 0.26 0.73 0.53 
Mn (ppm) bdl 23 10 28 28 4 103 70 
MgO (wt.%) bdl 0.03 0.02 0.05 0.05 0.06 1.84 0.59 
CaO (wt.%) 12.09 13.30 14.70 13.63 13.63 14.96 14.77 14.18 
Na2O (wt.%) 2.52 2.92 3.77 2.81 2.81 3.32 3.31 3.37 
K2O (wt.%) 0.19 0.17 0.18 0.22 0.22 0.18 0.22 0.24 
Sr (ppm) 314.3 315.1 362.5 335.2 335.2 355.0 324.7 312.2 
Ba (ppm) 58.5 59.2 64.3 65.5 65.5 82.3 77.3 77.9 
Pb (ppm) 0.51 0.71 2.26 0.58 0.58 1.01 2.14 0.88 
Cr (ppm) bdl bdl bdl 4 4 bdl bdl bdl 
Eu* (ratio) 3.17 2.08 1.98 4.92 4.92 1.96 1.90 2.24 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID FT4201A FT4201A JD02 JD03B JD03B JD03B JD03 JD03 
#plag 4 5 1 1 2 3 1 2 
VSF2 86.11 86.11 86.7 88.14 88.14 88.14 88.19 88.19 
BV1_GC 2807.03 2807.03 2807.61 2809.05 2809.05 2809.05 2809.1 2809.1 
UZ-MZb -1232.02 -1232.02 -1232.6 -1234.04 -1234.04 -1234.04 -1234.09 -1234.09 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU3 TU3 
Lithology An vein An vein ol PX HARZ HARZ HARZ TROC TROC 
Texture frame frame inter inter inter inter frame frame 
Int Std 0.50 0.56 0.83 0.26 0.29 0.38 0.39 0.47 
Ti (ppm) 195 169 239 233 228 119 127 153 
Al2O3 (wt.%) 27.74 29.63 25.03 35.39 36.37 32.74 32.83 36.17 
FeO (wt.%) 0.751 0.835 0.311 4.797 6.961 5.445 0.319 0.496 
Fe cal. (wt.%) 0.52 0.58 0.22 3.34 4.85 3.79 0.22 0.35 
Mn (ppm) 105 100 21 2014 3722 3553 20 36 
MgO (wt.%) 0.75 1.02 0.10 1.23 2.51 4.17 0.07 0.35 
CaO (wt.%) 12.30 12.81 11.81 17.32 16.35 13.34 15.08 16.13 
Na2O (wt.%) 3.22 3.09 3.52 4.16 3.24 3.28 3.05 3.48 
K2O (wt.%) 0.44 0.22 0.08 0.23 0.18 0.18 0.13 0.11 
Sr (ppm) 295.1 313.4 288.3 375.7 333.4 312.3 295.4 302.2 
Ba (ppm) 95.0 69.5 96.4 105.0 112.2 85.1 67.0 62.3 
Pb (ppm) 0.78 1.08 4.13 11.22 2.59 1.63 1.78 1.90 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 1.34 1.99 3.14 2.19 1.96 2.32 2.64 bdl 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS.  
Sample ID JD03 JD03 FT1038 FT1038 FT1038 FT1038 FT1038 FT1038 
#plag 3 4 1 2 3 4 5 6 
VSF2 88.19 88.19 89.05 89.05 89.05 89.05 89.05 89.05 
BV1_GC 2809.1 2809.1 2810.75 2810.75 2810.75 2810.75 2810.75 2810.75 
UZ-MZb -1234.09 -1234.09 -1234.95 -1234.95 -1234.95 -1234.95 -1234.95 -1234.95 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology TROC TROC troc troc troc troc troc troc 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.43 0.45 0.37 0.32 0.32 0.14 0.06 0.08 
Ti (ppm) 156 145 185 215 209 172 139 174 
Al2O3 (wt.%) 36.97 31.88 28.35 31.33 35.77 32.20 28.83 30.69 
FeO (wt.%) 0.608 0.831 0.849 1.296 0.473 4.419 0.515 0.729 
Fe cal. (wt.%) 0.42 0.58 0.59 0.90 0.33 3.08 0.36 0.51 
Mn (ppm) 38 68 94 187 22 539 40 50 
MgO (wt.%) 0.42 0.72 0.72 1.96 0.08 5.45 0.22 0.50 
CaO (wt.%) 16.54 14.37 13.57 13.89 16.61 12.32 11.90 11.20 
Na2O (wt.%) 3.04 2.99 2.90 3.03 2.88 2.30 2.74 3.15 
K2O (wt.%) 0.10 0.09 0.12 0.12 0.13 0.10 0.14 0.14 
Sr (ppm) 306.0 265.7 271.3 304.7 347.3 288.6 220.1 211.9 
Ba (ppm) 55.8 49.0 57.8 61.0 64.0 52.4 47.0 46.8 
Pb (ppm) 1.84 11.12 1.97 2.09 1.79 1.15 1.43 3.19 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl 18 
Eu* (ratio) bdl bdl 1.95 1.64 1.70 2.55 3.42 2.04 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID FT1038 FT1038 FT4203D FT1041 FT1041 FT1041 FT1041 JD04 
#plag 7 8 1 1 2 3 4 1 
VSF2 89.05 89.05 90.73 97.5 97.5 97.5 97.5 119.89 
BV1_GC 2810.75 2810.75 2812.43 2819.2 2819.2 2819.2 2819.2 2842.79 
UZ-MZb -1234.95 -1234.95 -1236.63 -1243.4 -1243.4 -1243.4 -1243.4 -1265.79 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc troc troc troc troc troc troc motl An 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.10 0.07 0.09 0.20 0.07 0.05 0.05 0.05 
Ti (ppm) 139 149 88 249 286 248 311 16 
Al2O3 (wt.%) 26.95 28.80 4.03 43.51 46.12 46.51 49.42 26.69 
FeO (wt.%) 0.672 1.046 0.41 3.64 0.57 1.04 2.29 0.195 
Fe cal. (wt.%) 0.47 0.73 0.29 2.53 0.40 0.72 1.59 0.14 
Mn (ppm) 64 112 86 665 19 129 301 40 
MgO (wt.%) 0.60 0.80 2.80 3.34 0.07 0.37 1.55 bdl 
CaO (wt.%) 10.85 11.10 5.04 16.98 18.18 18.51 18.02 6.73 
Na2O (wt.%) 2.74 2.78 12.64 3.31 4.33 3.50 3.63 3.43 
K2O (wt.%) 0.17 0.20 0.83 0.22 0.22 0.19 0.22 0.23 
Sr (ppm) 195.6 196.9 48.1 393.4 399.0 411.4 414.2 192.8 
Ba (ppm) 42.8 43.3 139.7 69.0 84.0 72.4 79.9 71.8 
Pb (ppm) 3.44 2.98 96.12 1.57 1.62 1.68 1.57 2.89 
Cr (ppm) 37 52 15 7 bdl 6 bdl bdl 
Eu* (ratio) 1.80 1.70 1.48 1.69 2.09 2.90 1.59 bdl 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD04 JD04 JD04 JD04 JD04 JD04 JD04 JD04 
#plag 2 3 4 5 6 7 8 9 
VSF2 119.89 119.89 119.89 119.89 119.89 119.89 119.89 119.89 
BV1_GC 2842.79 2842.79 2842.79 2842.79 2842.79 2842.79 2842.79 2842.79 
UZ-MZb -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology motl An motl An motl An motl An motl An motl An motl An motl An 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.14 0.17 0.05 0.06 0.30 0.07 0.41 0.37 
Ti (ppm) 7 204 110 115 179 211 117 189 
Al2O3 (wt.%) 34.59 31.36 33.87 31.66 32.65 32.47 27.92 30.92 
FeO (wt.%) 0.186 0.598 0.626 0.310 0.359 0.894 0.548 0.543 
Fe cal. (wt.%) 0.13 0.42 0.44 0.22 0.25 0.62 0.38 0.38 
Mn (ppm) 30 44 40 28 14 81 38 28 
MgO (wt.%) bdl 0.30 0.37 bdl 0.01 0.88 0.33 0.06 
CaO (wt.%) 9.65 9.43 10.33 9.52 11.57 11.16 10.05 11.34 
Na2O (wt.%) 3.95 3.34 3.66 3.53 2.94 4.17 3.57 3.55 
K2O (wt.%) 0.20 0.24 0.23 0.21 0.14 0.18 0.18 0.17 
Sr (ppm) 235.3 216.7 232.8 217.7 258.6 247.5 219.1 259.5 
Ba (ppm) 53.3 65.1 57.0 54.7 55.5 59.1 53.6 60.8 
Pb (ppm) 4.30 3.56 3.11 3.00 0.77 1.01 0.74 0.83 
Cr (ppm) bdl bdl bdl bdl bdl 11 bdl bdl 
Eu* (ratio) bdl 2.06 1.34 bdl 1.91 1.22 2.83 1.57 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD04 JD04 FT1054 FT1054 FT1054 JD05 JD05 JD05 
#plag 10 11 1 2 3 1 2 3 
VSF2 119.89 119.89 128.64 128.64 128.64 136.05 136.05 136.05 
BV1_GC 2842.79 2842.79 2851.54 2851.54 2851.54 2858.95 2858.95 2858.95 
UZ-MZb -1265.79 -1265.79 -1274.54 -1274.54 -1274.54 -1281.95 -1281.95 -1281.95 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology motl An motl An TROC TROC TROC TROC TROC TROC 
Texture frame frame frame frame frame frame frame incl 
Int Std 0.32 0.37 0.69 0.65 0.61 0.34 0.32 0.29 
Ti (ppm) 185 126 211 193 157 298 292 238 
Al2O3 (wt.%) 28.55 27.88 31.98 30.50 40.94 38.75 39.80 41.97 
FeO (wt.%) 0.475 0.831 2.531 2.434 0.930 0.46 2.07 1.37 
Fe cal. (wt.%) 0.33 0.58 1.76 1.70 0.65 0.32 1.44 0.95 
Mn (ppm) 16 161 279 537 125 14 287 101 
MgO (wt.%) 0.04 0.79 6.22 0.93 0.22 0.07 1.42 0.31 
CaO (wt.%) 10.08 8.93 13.30 13.43 19.84 18.08 16.59 19.11 
Na2O (wt.%) 2.97 3.33 3.32 4.57 3.49 3.35 3.03 3.41 
K2O (wt.%) 0.19 0.27 0.13 0.13 0.11 0.14 0.18 0.16 
Sr (ppm) 227.1 220.8 282.8 269.7 383.0 379.2 359.9 393.1 
Ba (ppm) 58.6 73.9 68.2 63.0 77.5 68.6 86.9 59.5 
Pb (ppm) 0.81 0.67 1.20 2.54 1.40 1.49 1.20 1.43 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 1.47 2.51 bdl bdl bdl bdl bdl bdl 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD06 JD06 JD06 JD06 JD06 JD06 JD06 JD06 
#plag 1 2 3 4 5 6 7 8 
VSF2 159.8 159.8 159.8 159.8 159.8 159.8 159.8 159.8 
BV1_GC 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 
UZ-MZb -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology mTROC mTROC mTROC mTROC mTROC mTROC mTROC mTROC 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.42 0.39 0.43 0.45 0.46 0.42 0.40 0.38 
Ti (ppm) 209 270 210 253 219 223 279 241 
Al2O3 (wt.%) 33.53 35.17 34.33 31.11 32.10 35.72 38.76 39.40 
FeO (wt.%) 0.651 0.839 0.617 0.506 0.959 0.728 0.897 0.743 
Fe cal. (wt.%) 0.45 0.58 0.43 0.35 0.67 0.51 0.62 0.52 
Mn (ppm) 32 61 35 16 63 44 58 53 
MgO (wt.%) 0.09 0.10 0.17 0.04 0.26 0.17 0.24 0.16 
CaO (wt.%) 16.18 17.74 15.96 14.88 15.33 16.72 18.15 18.26 
Na2O (wt.%) 3.22 3.22 3.15 3.14 3.02 2.92 2.99 2.97 
K2O (wt.%) 0.07 0.09 0.10 0.09 0.08 0.06 0.06 0.06 
Sr (ppm) 315.4 334.7 312.3 291.3 296.1 324.5 347.2 345.6 
Ba (ppm) 49.2 68.8 69.7 77.3 53.5 71.3 71.8 63.3 
Pb (ppm) 1.68 1.68 1.41 1.61 1.44 1.50 1.27 1.46 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 1.46 1.24 1.22 1.44 1.19 1.57 1.66 1.09 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD06 JD06 JD06 JD06 JD06 JD06 JD06 JD06 
#plag 9 10 11 12 13 14 15 16 
VSF2 159.8 159.8 159.8 159.8 159.8 159.8 159.8 159.8 
BV1_GC 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 2898.06 
UZ-MZb -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 -1305.7 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology mTROC mTROC mTROC mTROC mTROC mTROC mTROC mTROC 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.46 0.54 0.36 0.35 0.36 0.43 0.48 0.25 
Ti (ppm) 195 226 259 258 262 205 218 263 
Al2O3 (wt.%) 29.32 28.13 34.97 38.88 38.32 27.66 27.78 30.69 
FeO (wt.%) 0.567 1.348 0.567 0.539 0.750 0.815 0.497 0.972 
Fe cal. (wt.%) 0.39 0.94 0.39 0.38 0.52 0.57 0.35 0.68 
Mn (ppm) 41 143 28 26 39 48 22 65 
MgO (wt.%) 0.44 0.67 0.07 0.10 0.16 0.16 0.07 0.17 
CaO (wt.%) 14.44 13.92 16.73 18.80 18.32 13.02 13.59 15.06 
Na2O (wt.%) 4.01 4.97 2.87 3.27 3.90 3.30 2.68 3.35 
K2O (wt.%) 0.06 0.05 0.15 0.10 0.10 0.06 0.06 0.09 
Sr (ppm) 273.9 258.0 335.5 355.3 361.4 280.3 258.4 283.9 
Ba (ppm) 43.8 46.7 86.9 64.8 67.5 38.6 47.5 53.3 
Pb (ppm) 2.03 3.70 1.79 1.62 1.75 2.76 1.48 1.74 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 0.96 0.78 1.04 0.90 1.01 0.94 0.81 1.22 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID FT1096 FT1096 JD07 JD08 JD08 JD08 JD08 JD08 
#plag 1 2 1 1 2 3 4 5 
VSF2 197.34 197.34 204.55 205.46 205.46 205.46 205.46 205.46 
BV1_GC 2944.94 2944.94 2952.15 2953.06 2953.06 2953.06 2953.06 2953.06 
UZ-MZb -1343.24 -1343.24 -1350.45 -1351.36 -1351.36 -1351.36 -1351.36 -1351.36 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology HARZ HARZ mTROC troc troc troc troc troc 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.37 0.14 0.72 0.23 0.24 0.27 0.35 0.30 
Ti (ppm) 146 153 204 206 139 254 343 219 
Al2O3 (wt.%) 30.37 28.49 27.53 41.12 37.05 38.87 40.38 41.55 
FeO (wt.%) 0.705 3.155 0.216 0.57 0.43 0.40 0.49 0.43 
Fe cal. (wt.%) 0.49 2.20 0.15 0.39 0.30 0.28 0.34 0.30 
Mn (ppm) 103 603 15 28 8 11 16 16 
MgO (wt.%) 0.17 0.57 0.04 0.32 0.03 0.04 0.03 0.08 
CaO (wt.%) 12.13 10.91 13.47 18.26 17.15 17.06 18.55 18.73 
Na2O (wt.%) 2.59 2.57 3.10 2.57 2.39 3.00 3.24 3.35 
K2O (wt.%) 0.08 0.09 0.10 0.18 0.17 0.19 0.21 0.21 
Sr (ppm) 235.0 255.6 281.6 364.3 311.6 368.9 346.9 373.6 
Ba (ppm) 50.5 48.0 59.3 74.0 58.0 72.6 102.0 98.4 
Pb (ppm) 0.59 1.51 20.07 4.17 0.74 1.04 1.33 1.54 
Cr (ppm) bdl bdl bdl bdl 12 bdl 8 bdl 
Eu* (ratio) 1.73 1.24 bdl bdl bdl bdl bdl bdl 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID BK073 BK073 BK073 BK073 BK073 BK073 BK073 JD31 
#plag 1 2 3 4 5 6 7 1 
VSF2 217.2018 217.2018 217.2018 217.2018 217.2018 217.2018 217.2018 218.22 
BV1_GC 2964.8 2964.8 2964.8 2964.8 2964.8 2964.8 2964.8 2965.82 
UZ-MZb -1363.1 -1363.1 -1363.1 -1363.1 -1363.1 -1363.1 -1363.1 -1364.12 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology motl An motl An motl An motl An motl An motl An motl An ol PYX 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.57 0.68 0.62 0.45 0.51 0.61 0.60 0.05 
Ti (ppm) 164 147 166 134 180 174 179 147 
Al2O3 (wt.%) 31.86 26.25 30.27 35.79 32.47 29.34 31.34 32.66 
FeO (wt.%) 0.453 0.373 0.426 0.233 0.537 0.648 0.679 0.156 
Fe cal. (wt.%) 0.32 0.26 0.30 0.16 0.37 0.45 0.47 0.11 
Mn (ppm) 19 13 14 bdl 25 31 33 26 
MgO (wt.%) 0.03 bdl bdl bdl 0.04 0.04 0.06 0.02 
CaO (wt.%) 15.58 13.14 14.44 16.73 16.43 14.07 14.30 10.60 
Na2O (wt.%) 3.01 2.76 2.50 2.83 2.54 2.77 2.76 3.19 
K2O (wt.%) 0.14 0.15 0.15 0.18 0.14 0.17 0.17 0.30 
Sr (ppm) 287.3 240.9 258.4 318.6 286.1 267.8 273.0 233.0 
Ba (ppm) 65.2 62.6 54.8 67.8 57.7 59.5 59.6 49.1 
Pb (ppm) 1.31 0.49 0.94 1.69 1.58 0.73 0.73 3.51 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl 21 
Eu* (ratio) 2.48 bdl bdl 4.69 3.02 2.84 1.86 2.17 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD14 JD14 JD14 JD14 JD14 JD14 JD14 JD14 
#plag 1 2 3 4 5 6 7 8 
VSF2 221.60 221.6 221.6 221.6 221.6 221.6 221.6 221.6 
BV1_GC 2969.3 2969.3 2969.3 2969.3 2969.3 2969.3 2969.3 2969.3 
UZ-MZb -1367.6 -1367.6 -1367.6 -1367.6 -1367.6 -1367.6 -1367.6 -1367.6 
Strat TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology An An An An An An An An 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.49 0.49 0.61 0.61 0.58 0.51 0.55 0.64 
Ti (ppm) 163 210 239 217 249 247 182 216 
Al2O3 (wt.%) 33.06 30.43 26.13 26.73 29.02 33.25 30.69 25.55 
FeO (wt.%) 0.435 0.502 0.432 0.511 0.485 0.596 0.521 0.399 
Fe cal. (wt.%) 0.30 0.35 0.30 0.36 0.34 0.42 0.36 0.28 
Mn (ppm) bdl 21 22 22 21 84 26 21 
MgO (wt.%) bdl 0.03 0.04 0.03 0.03 0.15 0.03 0.03 
CaO (wt.%) 16.18 15.07 11.80 11.74 13.60 16.09 15.23 11.36 
Na2O (wt.%) 2.99 3.22 3.38 3.16 3.08 3.20 2.70 4.00 
K2O (wt.%) 0.12 0.14 0.18 0.16 0.18 0.17 0.15 0.21 
Sr (ppm) 293.5 278.9 239.8 245.2 266.3 292.7 279.5 232.0 
Ba (ppm) 62.5 69.6 65.2 66.4 71.5 77.5 62.6 64.9 
Pb (ppm) 0.84 0.47 0.51 0.38 0.48 0.42 1.35 2.58 
Cr (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 2.50 1.84 1.82 1.86 2.42 1.94 2.66 bdl 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD13 JD13 JD027B JD027B JD027B JD32 JD32 JD32 
#plag 1 2 1 2 3 1 2 3 
VSF2 228.65 228.65 229.15 229.15 229.15 232.07 232.07 232.07 
BV1_GC 2976.25 2976.25 2976.75 2976.75 2976.75 2979.67 2979.67 2979.67 
UZ-MZb -1374.55 -1374.55 -1375.05 -1375.05 -1375.05 -1377.97 -1377.97 -1377.97 
Strat TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology troc troc felsic felsic felsic PEG PEG PEG 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.24 0.16 1.84 1.84 1.63 0.06 0.10 0.06 
Ti (ppm) 153 183 117 122 148 53 52 74 
Al2O3 (wt.%) 44.77 44.18 17.20 17.56 17.54 17.07 17.52 18.97 
FeO (wt.%) 0.77 1.50 0.331 0.430 0.337 0.311 0.583 0.255 
Fe cal. (wt.%) 0.54 1.04 0.23 0.30 0.23 0.22 0.41 0.18 
Mn (ppm) 109 157 14 16 15 19 75 11 
MgO (wt.%) 0.42 2.05 bdl 0.02 0.02 0.14 0.27 0.02 
CaO (wt.%) 19.64 19.89 6.14 6.00 6.75 3.72 3.98 5.25 
Na2O (wt.%) 2.60 2.84 5.45 6.00 5.26 6.99 6.91 7.28 
K2O (wt.%) 0.13 0.13 0.35 0.40 0.28 0.45 0.40 0.35 
Sr (ppm) 377.9 350.4 260.6 257.2 240.5 107.8 119.6 133.7 
Ba (ppm) 61.9 57.1 220.9 224.6 151.3 19.8 20.7 45.4 
Pb (ppm) 0.69 0.71 3.85 6.83 3.00 3.96 4.63 5.54 
Cr (ppm) 8 8 bdl bdl bdl bdl bdl 16 
Eu* (ratio) bdl bdl bdl bdl bdl 1.52 1.52 2.52 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD32 FT1128 JD19 JD19 JD19 FT1131 FT1131 FT1131 
#plag 4 1 1 2 3 1 2 3 
VSF2 232.07 234.29 235.255 235.255 235.255 240.57 240.57 240.57 
BV1_GC 2979.67 2981.89 2982.855 2982.855 2982.855 2988.17 2988.17 2988.17 
UZ-MZb -1377.97 -1380.19 -1381.16 -1381.16 -1381.16 -1386.47 -1386.47 -1386.47 
Strat TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology PEG HARZ OPX OPX OPX N N N 
Texture frame inter incl chada chada incl frame frame 
Int Std 0.00 0.06 0.60 0.83 0.71 0.28 0.19 0.18 
Ti (ppm) 62 235 134 135 155 208 134 216 
Al2O3 (wt.%) 28.01 30.70 35.45 29.99 29.06 42.14 38.92 43.72 
FeO (wt.%) 1.522 0.240 0.343 0.413 0.420 0.46 0.61 0.70 
Fe cal. (wt.%) 1.06 0.17 0.24 0.29 0.29 0.32 0.42 0.48 
Mn (ppm) 140 19 15 13 13 16 45 38 
MgO (wt.%) 2.52 0.05 0.04 0.05 0.05 0.06 0.17 0.30 
CaO (wt.%) 8.03 11.34 17.26 14.64 14.40 18.60 15.82 17.80 
Na2O (wt.%) 5.30 3.74 2.87 2.72 3.52 2.98 2.93 3.62 
K2O (wt.%) 0.52 0.09 0.08 0.14 0.19 0.25 0.25 0.31 
Sr (ppm) 176.9 402.5 348.8 289.8 299.3 433.2 402.1 426.3 
Ba (ppm) 115.9 156.5 74.8 74.2 77.8 100.5 79.8 96.5 
Pb (ppm) 8.62 2.15 2.90 3.10 3.90 1.41 1.37 1.65 
Cr (ppm) bdl 3 bdl bdl bdl bdl bdl bdl 
Eu* (ratio) bdl 2.14 bdl bdl bdl bdl bdl bdl 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID FT1131 FT1131 JD22 JD22 JD22 JD22 JD22 JD22 
#plag 4 5 1 2 3 4 5 6 
VSF2 240.57 240.57 246.7 246.7 246.7 246.7 246.7 246.7 
BV1_GC 2988.17 2988.17 2994.3 2994.3 2994.3 2994.3 2994.3 2994.3 
UZ-MZb -1386.47 -1386.47 -1392.6 -1392.6 -1392.6 -1392.6 -1392.6 -1392.6 
Strat TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU2 
Lithology N N N N N N N N 
Texture frame frame frame frame incl frame frame frame 
Int Std 0.24 0.33 0.03 0.03 0.03 0.03 0.07 0.06 
Ti (ppm) 239 201 264 304 274 699 239 144 
Al2O3 (wt.%) 41.37 42.24 46.20 46.20 44.07 52.70 49.06 48.05 
FeO (wt.%) 0.56 0.91 0.84 0.84 0.63 1.14 0.61 0.61 
Fe cal. (wt.%) 0.39 0.64 0.58 0.58 0.44 0.80 0.42 0.42 
Mn (ppm) 17 83 51 51 30 49 25 31 
MgO (wt.%) 0.05 0.10 0.35 0.35 0.12 0.82 0.20 0.09 
CaO (wt.%) 18.49 18.62 19.57 19.57 16.12 22.67 20.61 19.71 
Na2O (wt.%) 3.38 2.77 4.28 4.28 4.17 3.69 3.78 3.02 
K2O (wt.%) 0.30 0.24 0.38 0.38 0.36 0.33 0.25 0.23 
Sr (ppm) 428.5 422.0 465.0 465.0 433.4 496.1 468.1 451.6 
Ba (ppm) 89.4 99.2 143.9 143.9 141.4 104.6 109.0 97.5 
Pb (ppm) 1.32 1.56 2.34 2.34 2.56 2.60 2.46 2.24 
Cr (ppm) 9 bdl 7 7 5 bdl bdl 6 
Eu* (ratio) bdl bdl bdl bdl bdl bdl bdl bdl 
 
 
Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD20 JD20 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 
#plag 1 2 1 2 3 4 5 6 
VSF2 246.86 246.86 257.44 257.44 257.44 257.44 257.44 257.44 
BV1_GC 2994.46 2994.46 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 
UZ-MZb -1392.76 -1392.76 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 
Strat TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Lithology G G ol G ol G ol G ol G ol G ol G 
Texture frame frame frame frame frame frame frame frame 
Int Std 0.10 0.15 0.51 0.62 0.66 0.58 0.58 0.57 
Ti (ppm) 198 318 129 159 118 133 137 120 
Al2O3 (wt.%) 31.02 31.66 31.62 30.19 28.48 28.38 30.38 26.08 
FeO (wt.%) 0.429 0.489 0.107 0.666 0.406 1.965 0.349 0.434 
Fe cal. (wt.%) 0.30 0.34 0.07 0.46 0.28 1.37 0.24 0.30 
Mn (ppm) 36 bdl bdl 45 20 332 34 23 
MgO (wt.%) 0.34 0.07 bdl 0.20 0.06 1.51 0.13 0.04 
CaO (wt.%) 13.12 13.64 14.86 13.05 13.62 13.26 13.68 11.68 
Na2O (wt.%) 4.22 4.92 2.83 3.62 2.51 2.59 2.88 3.16 
K2O (wt.%) 0.24 0.28 0.16 0.21 0.10 0.13 0.13 0.16 
Sr (ppm) 320.9 329.1 278.8 282.4 245.5 256.0 270.1 243.8 
Ba (ppm) 89.4 114.7 87.8 87.1 65.2 69.4 73.4 71.3 
Pb (ppm) 7.71 1.17 1.30 0.86 0.91 0.78 0.69 0.84 
Cr (ppm) bdl 16 bdl bdl bdl bdl bdl bdl 
Eu* (ratio) 2.59 2.30 2.96 bdl 3.68 bdl bdl bdl 
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Table F2 cont.: Mineral chemistry of plagioclase of the TU as determined by LA-ICP-MS. 
Sample ID JD25 JD25 JD25 JD25 JD25 
#plag 1 2 3 4 5 
VSF2 268.46 268.46 268.46 268.46 268.46 
BV1_GC 3016.06 3016.06 3016.06 3016.06 3016.06 
UZ-MZb -1414.36 -1414.36 -1414.36 -1414.36 -1414.36 
Strat TU1 TU1 TU1 TU1 TU1 
Lithology ol G ol G ol G ol G ol G 
Texture frame frame frame frame frame 
Int Std 0.42 0.70 0.71 0.65 0.54 
Ti (ppm) 146 101 135 144 119 
Al2O3 (wt.%) 39.40 27.20 24.95 25.27 30.80 
FeO (wt.%) 0.445 1.192 0.570 0.534 0.614 
Fe cal. (wt.%) 0.31 0.83 0.40 0.37 0.43 
Mn (ppm) 15 234 117 112 50 
MgO (wt.%) 0.04 0.89 0.93 1.05 0.21 
CaO (wt.%) 17.85 13.23 12.79 12.89 14.54 
Na2O (wt.%) 2.71 2.93 5.10 5.61 3.10 
K2O (wt.%) 0.08 0.10 0.11 0.09 0.13 
Sr (ppm) 329.8 248.8 215.8 210.3 281.9 
Ba (ppm) 73.9 66.6 55.6 54.1 76.6 
Pb (ppm) 1.96 3.21 17.77 28.05 17.16 
Cr (ppm) bdl bdl bdl bdl bdl 
Eu* (ratio) bdl bdl bdl bdl bdl 
 
 
F2. Olivine 
 
Table F3: Mineral chemistry of olivine of the TU as determined by LA-ICP-MS.  
Sample ID FT1002 FT1006 FT1006 FT1006 FT1006 JD03B JD03B JD03B 
# 1 1 2 3 4 1 2 3 
VSF2 15.50 36.84 36.84 36.84 36.84 88.14 88.14 88.14 
BV1_C (m) 2737.20 2758.54 2758.54 2758.54 2758.54 2809.84 2809.84 2809.84 
BV1_GC 2735.16 2756.50 2756.50 2756.50 2756.50 2809.05 2809.05 2809.05 
UZ-MZb -1161.40 -1182.74 -1182.74 -1182.74 -1182.74 -1234.04 -1234.04 -1234.04 
Subunit TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology GN GN GN GN GN UM UM UM 
Texture inter inter inter inter inter incl incl incl 
Fo# nd 73.51 73.51 73.51 73.51 75.19 75.19 75.19 
Na2O 
(wt.%) 
bdl bdl bdl bdl bdl bdl bdl bdl 
MgO 34.21 39.91 41.92 41.92 41.50 37.62 39.91 39.08 
Al2O3 0.01 0.06 0.20 0.20 0.19 0.02 0.11 0.10 
SiO2 
(in std) 
0.63 0.24 0.40 0.40 0.28 0.80 0.85 0.89 
K2O bdl 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
CaO bdl 0.04 0.03 0.03 0.03 0.08 0.04 0.02 
FeT 25.72 26.48 26.67 26.67 27.57 22.98 25.63 25.01 
Ti (ppm) 43.40 42.11 71.56 71.56 38.53 51.13 63.52 56.21 
V 11.82 11.73 5.34 5.34 4.93 15.30 8.62 0.17 
Cr 9.57 bdl bdl bdl 6.28 13.49 27.40 30.33 
Mn 2382.56 2513.79 2406.44 2406.44 2565.51 2278.78 2564.63 2427.74 
Co 336.38 330.59 322.29 322.29 333.93 311.23 330.73 325.06 
Ni 1981.01 1697.97 1674.12 1674.12 1732.83 1641.36 1750.96 1662.94 
Cu 15.02 11.37 16.30 16.30 2.35 3.63 1.11 0.93 
Zn 104.39 137.78 143.82 143.82 141.53 120.69 122.99 123.59 
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Table F3 cont.: Mineral chemistry of olivine of the TU as determined by LA-ICP-MS.  
Sample ID FT1038 FT1038 FT1038 FT1038 FT1038 FT4203D FT4203D FT4203D 
# 1 2 3 4 5 1 2 3 
VSF2 89.05 89.05 89.05 89.05 89.05 90.73 90.73 90.73 
BV1_C 2810.75 2810.75 2810.75 2810.75 2810.75 2812.43 2812.43 2812.43 
BV1_GC 2810.75 2810.75 2810.75 2810.75 2810.75 2812.43 2812.43 2812.43 
UZ-MZb -1234.95 -1234.95 -1234.95 -1234.95 -1234.95 -1236.63 -1236.63 -1236.63 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lith  TROC TROC TROC TROC TROC TROC TROC TROC 
Texture inter inter inter inter inter incl incl incl 
Fo# 75.59 75.59 75.59 75.59 75.59 76.31 76.31 76.31 
Na2O 
(wt.%) 
0.02 bdl bdl bdl 0.03 bdl bdl bdl 
MgO 30.11 34.39 36.62 33.91 31.84 46.27 45.53 45.72 
Al2O3 0.02 0.01 bdl bdl 0.05 0.07 bdl bdl 
SiO2  
in std) 
0.29 0.24 0.25 0.24 0.19 0.12 0.10 0.10 
K2O bdl bdl bdl bdl bdl bdl bdl 0.03 
CaO 0.05 bdl bdl bdl 0.17 bdl bdl bdl 
FeT 21.15 21.49 19.81 21.50 17.45 21.98 21.32 20.84 
Ti (ppm) 48.10 55.64 37.41 49.97 34.26 67.98 58.80 84.06 
V bdl bdl bdl bdl bdl 3.46 bdl 2.65 
Cr 33.86 31.40 bdl 25.71 52.10 6.81 5.30 6.67 
Mn 964.43 2121.92 1294.53 2119.33 1663.40 2809.94 2980.74 2767.52 
Co 299.62 271.00 226.79 269.11 254.66 427.99 403.66 391.31 
Ni 4356.15 4130.08 3935.40 4146.82 3920.75 2332.45 2152.54 2107.83 
Cu 108.15 14.41 92.86 20.64 129.30 14.13 18.33 23.34 
Zn 91.54 148.36 112.04 140.84 138.43 152.31 144.11 139.31 
 
 
Table F3 cont.: Mineral chemistry of olivine of the TU as determined by LA-ICP-MS.  
Sample ID FT1041 FT1041 FT1041 FT1041 FT1054 FT1054 JD05 JD05 
# 1 2 3 4 1 2 1 2 
VSF2 97.50 97.50 97.50 97.50 128.64 128.64 136.05 136.05 
BV1_C 2819.20 2819.20 2819.20 2819.20 2850.34 2850.34 2857.75 2857.75 
BV1_GC 2819.20 2819.20 2819.20 2819.20 2851.54 2851.54 2858.95 2858.95 
UZ-MZb -1243.40 -1243.40 -1243.40 -1243.40 -1274.54 -1274.54 -1281.95 -1281.95 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology  TROC TROC TROC TROC TROC TROC TROC TROC 
Texture inter inter inter inter inter inter inter inter 
Fo# nd nd nd nd nd nd 75.00 75.00 
Na2O 
(wt.%) 
bdl bdl bdl bdl bdl bdl bdl bdl 
MgO 47.23 51.03 55.12 45.11 60.63 58.88 40.79 43.52 
Al2O3 0.01 0.03 0.01 bdl 0.04 0.03 bdl bdl 
SiO2  
(in std) 
0.90 0.96 0.87 0.10 0.72 0.87 0.70 0.78 
K2O bdl bdl bdl bdl bdl bdl bdl bdl 
CaO bdl bdl bdl bdl bdl bdl bdl 0.06 
FeT 25.06 23.00 23.03 21.26 45.47 31.89 20.58 19.39 
Ti (ppm) 75.58 68.81 58.99 59.39 46.95 50.03 66.59 34.81 
V 6.03 1.88 4.44 bdl 2.14 5.02 10.33 bdl 
Cr 12.80 bdl bdl 31.71 bdl bdl 13.36 12.31 
Mn 2554.00 2225.36 2107.97 2830.61 2666.11 3108.92 2402.00 2622.15 
Co 303.30 294.05 277.73 366.86 380.06 356.75 274.90 299.38 
Ni 1961.00 1855.07 1897.62 1917.28 2192.62 1986.61 1656.00 1980.36 
Cu 4.54 7.64 6.71 12.03 28.30 19.47 bdl bdl 
Zn 144.50 120.16 114.45 132.75 170.53 176.24 121.50 122.38 
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Table F3 cont.: Mineral chemistry of olivine of the TU as determined by LA-ICP-MS.  
Sample ID JD06 JD06 JD06 JD06 JD06 JD07 JD07 JD07 
# 1 2 3 4 5 1 2 3 
VSF2 159.80 159.80 159.80 159.80 159.80 204.55 204.55 204.55 
BV1_C 2881.50 2881.50 2881.50 2881.50 2881.50 2926.25 2926.25 2926.25 
BV1_GC 2898.06 2898.06 2898.06 2898.06 2898.06 2952.15 2952.15 2952.15 
UZ-MZb -1305.70 -1305.70 -1305.70 -1305.70 -1305.70 -1350.45 -1350.45 -1350.45 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology GN GN GN GN GN TROC TROC TROC 
Texture inter inter inter inter inter inter inter inter 
Fo# 74.51 74.51 74.51 74.51 74.51 nd nd nd 
Na2O 
(wt.%) 
bdl 0.01 bdl bdl bdl bdl bdl bdl 
MgO 38.88 39.53 40.21 38.62 38.32 48.03 48.85 49.03 
Al2O3 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 
SiO2  
(in std) 
0.79 0.78 0.59 0.66 0.48 1.13 1.20 1.13 
K2O 0.00 0.00 0.00 0.00 bdl bdl bdl bdl 
CaO 0.05 0.05 0.03 bdl 0.04 bdl bdl bdl 
FeT 25.64 25.63 25.73 25.40 26.05 25.35 27.57 26.99 
Ti (ppm) 7.53 13.74 bdl 76.87 40.22 80.09 49.65 66.06 
V bdl bdl 0.66 bdl bdl bdl bdl bdl 
Cr bdl bdl bdl bdl bdl bdl bdl bdl 
Mn 2852.00 2931.00 2973.00 2885.00 3084.00 2553.00 2640.78 2560.01 
Co 364.00 363.20 360.60 373.00 379.70 295.00 329.54 328.04 
Ni 2068.00 2103.00 2044.00 2062.00 2190.00 2586.00 2351.02 2296.18 
Cu bdl bdl bdl bdl 1.64 bdl bdl bdl 
Zn 146.50 149.90 148.40 141.20 154.60 136.30 123.94 124.22 
 
 
Table F3 cont.: Mineral chemistry of olivine of the TU as determined by LA-ICP-MS.  
Sample ID FT1128 FT1128 FT1128 FT1128 FT1128 FT1143 FT1143 JD25 JD25 
# 1 2 3 4 5 1 2 1 2 
VSF2 234.29 234.29 234.29 234.29 234.29 257.44 257.44 268.46 268.46 
BV1_C 2955.99 2955.99 2955.99 2955.99 2955.99 2979.19 2979.19 2990.16 2990.16 
BV1_GC 2981.89 2981.89 2981.89 2981.89 2981.89 3005.09 3005.09 3016.06 3016.06 
UZ-MZb -1380.19 -1380.19 -1380.19 -1380.19 -1380.19 -1403.39 -1403.39 -1414.36 -1414.36 
Subunit TU2 TU3 TU4 TU5 TU6 TU1 TU1 TU1 TU1 
Lithology  UM UM UM UM UM olG olG olG GN 
Texture incl incl incl incl incl inter inter inter inter 
Fo# 75.60 75.60 75.60 75.60 75.60 72.54 72.54 73.62 73.62 
Na2O 
(wt.%) 
bdl bdl bdl bdl bdl bdl bdl bdl bdl 
MgO 35.66 35.04 35.64 37.48 37.08 35.98 38.74 70.75 75.60 
Al2O3 0.02 bdl 0.01 bdl bdl bdl bdl bdl bdl 
SiO2  
(in std) 
0.55 0.52 0.51 0.46 0.63 0.73 0.73 0.73 0.72 
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl 
CaO bdl 0.04 0.05 bdl 0.05 bdl bdl bdl bdl 
FeT 22.77 21.77 22.87 24.01 24.02 27.34 28.69 38.71 41.18 
Ti (ppm) 48.07 51.30 61.53 38.35 73.08 20.44 16.99 30.06 31.20 
V bdl bdl 6.96 6.40 13.04 bdl bdl bdl bdl 
Cr 9.20 8.84 9.30 bdl 9.78 bdl bdl bdl bdl 
Mn 2252.27 2165.16 2268.73 2407.13 2421.65 2795.00 2954.00 3935.84 4212.85 
Co 289.11 280.30 284.90 290.97 289.69 318.50 341.70 460.67 487.25 
Ni 1613.95 1586.54 1588.15 1638.13 1592.18 1927.00 2076.00 2044.64 2119.11 
Cu 5.80 bdl 5.42 3.95 bdl 1.98 11.24 bdl bdl 
Zn 82.22 78.88 81.26 86.08 81.11 154.00 166.20 187.00 200.14 
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F3. Orthopyroxene 
 
Table F4: Mineral chemistry of orthopyroxene of the MZ and TU as determined by 
 LA-ICP-MS. 
Sample ID BK015 BK072 BK072  FT1002 FT1002 FT1002 FT1002 FT1002 
#opx 1 1 2  1 2 3 4 5 
VSF2 390.27 422.82 422.82  15.5 15.5 15.5 15.5 15.5 
BV1_GC 3137.87 3170.42 3170.42  2735.16 2735.16 2735.16 2735.16 2735.16 
UZ-MZb -1536.17 -1568.72 -1568.72  -1161.4 -1161.4 -1161.4 -1161.4 -1161.4 
Strat MZ MZ MZ  TU4 TU4 TU4 TU4 TU4 
Litho GN GN GN  OLN OLN OLN OLN OLN 
Texture cum cum cum  frame frame frame frame frame 
Na2O (wt.%) bdl 0.05 bdl 
 0.02 0.01 0.01 0.02 0.01 
MgO 32.09 24.98 24.88  24.08 26.88 25.16 26.79 25.16 
Al2O3 0.69 0.97 0.83 
 1.06 1.35 1.28 1.42 1.28 
SiO2  
(Int. Std) 
bdl bdl bdl  0.44 0.57 0.61 0.47 0.61 
K2O bdl 0.03 0.03 
 bdl bdl bdl bdl bdl 
CaO 1.94 1.92 1.84  1.30 0.96 1.25 1.47 1.25 
FeO 19.46 21.43 21.44  15.40 16.48 15.92 16.45 15.92 
Ti (ppm) 815.34 709.14 636.88  687.56 1046.54 1062.99 919.23 1062.99 
V 186.17 184.63 198.67  109.99 151.87 147.21 90.45 147.21 
Cr 141.31 117.65 124.98  1250.34 1285.59 1110.28 1520.14 1110.28 
Mn 3155.26 3303.42 3310.47  2327.06 2433.19 2385.48 2454.15 2385.48 
Co 157.40 159.43 159.74  125.53 131.73 124.53 130.04 124.53 
Ni 448.10 350.36 349.42  523.95 533.41 515.76 445.62 515.76 
Mg# 71.22 n.d n.d  n.d n.d n.d n.d n.d 
 
 
Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID FT1003 FT1003 FT1003 FT1006 FT1006 FT1006 FT1019 FT1030 
#opx 1 2 3 1 2 3 1 1 
VSF2 27.95 27.95 27.95 36.84 36.84 36.84 65.94 82.44 
BV1_GC 2747.61 2747.61 2747.61 2756.5 2756.5 2756.5 2785.6 2802.1 
UZ-MZb -1173.85 -1173.85 -1173.85 -1182.74 -1182.74 -1182.74 -1211.84 -1228.34 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Litho GN GN GN ol GN ol GN ol GN GN motl An 
Texture frame frame frame frame frame frame ? inter 
Na2O (wt.%) 0.06 bdl bdl bdl 0.02 0.02 bdl 0.01 
MgO 34.83 34.78 33.00 27.97 29.33 27.68 28.23 24.38 
Al2O3 1.06 1.17 1.08 1.52 1.26 1.12 0.74 1.03 
SiO2  
(Int. Std) 
0.87 0.69 0.75 0.27 0.26 0.28 0.96 0.64 
K2O bdl bdl bdl 0.04 0.03 0.03 bdl bdl 
CaO 1.47 1.59 1.71 1.38 1.62 1.39 1.04 1.21 
FeO 16.69 17.27 16.86 15.95 15.79 15.33 14.85 18.86 
Ti (ppm) 1113.38 1536.46 716.12 1294.22 793.68 731.23 963.50 1567.28 
V 147.02 145.80 181.00 133.20 6.44 117.62 96.83 181.16 
Cr 1147.08 1285.08 1769.00 1558.90 1662.36 1821.63 1466.00 1307.04 
Mn 2568.20 2608.35 2494.42 2365.46 2401.56 2263.97 2276.00 2703.47 
Co 131.38 132.02 134.20 126.75 127.66 124.93 121.60 146.80 
Ni 449.67 340.11 349.36 435.18 435.46 423.99 468.20 383.81 
Mg# n.d n.d n.d 76.82 76.82 76.82 n.d 72.9 
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Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID FT1030 FT1030 FT1030 FT1030 FT1030 FT4201 FT4201 FT4201 
#opx 2 3 4 5 6 1 2 3 
VSF2 82.44 82.44 82.44 82.44 82.44 86.11 86.11 86.11 
BV1_GC 2802.1 2802.1 2802.1 2802.1 2802.1 2807.03 2807.03 2807.03 
UZ-MZb -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 -1232.02 -1232.02 -1232.02 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Litho motl An motl An motl An motl An motl An OLMGN OLMGN OLMGN 
Texture inter inter inter inter inter inter incl. incl. 
Na2O (wt.%) 0.03 0.01 0.01 0.04 0.04 0.05 0.03 0.03 
MgO 21.36 23.96 24.12 23.72 23.32 25.05 26.82 27.25 
Al2O3 0.95 1.42 1.49 1.16 1.07 1.10 1.16 1.11 
SiO2  
(Int. Std) 
1.03 0.83 0.79 0.44 0.47 0.66 0.46 0.93 
K2O 0.02 bdl bdl bdl bdl 0.03 0.03 0.03 
CaO 1.34 1.73 1.69 1.40 1.26 1.32 1.57 1.25 
FeO 17.36 18.83 18.64 17.78 17.62 15.32 15.17 15.73 
Ti (ppm) 987.80 1284.00 1332.00 1194.55 1180.48 436.90 493.20 1276.00 
V 132.10 180.60 180.90 162.32 230.91 278.10 302.40 163.47 
Cr 1127.00 1254.00 1180.00 1513.25 1423.78 2783.00 2738.00 1317.82 
Mn 2545.00 2704.00 2690.00 2542.26 2531.25 2333.00 2392.00 2460.96 
Co 132.70 142.30 140.40 140.29 138.66 127.90 130.20 127.96 
Ni 406.10 430.00 435.80 361.71 365.06 492.50 511.30 388.42 
Mg# 72.9 72.9 72.9 72.9 72.9 n.d n.d n.d 
 
 
Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID JD02 JD02 JD02 JD02 JD02 JD02 JD02 JD02 
#opx 1 2 3 4 5 6 7 8 
VSF2 86.7 86.7 86.7 86.7 86.7 86.7 86.7 86.7 
BV1_GC 2807.61 2807.61 2807.61 2807.61 2807.61 2807.61 2807.61 2807.61 
UZ-MZb -1232.6 -1232.6 -1232.6 -1232.6 -1232.6 -1232.6 -1232.6 -1232.6 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Litho ol PX ol PX ol PX ol PX ol PX ol PX ol PX ol PX 
Texture cum cum cum cum cum cum cum cum 
Na2O (wt.%) bdl 0.02 bdl bdl bdl 0.02 bdl bdl 
MgO 32.61 34.09 34.65 31.81 32.17 32.08 32.22 32.56 
Al2O3 0.90 1.06 0.95 0.85 0.96 0.90 0.81 0.81 
SiO2  
(Int. Std) 
1.08 0.98 0.97 1.07 1.02 0.97 0.99 1.05 
K2O bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 1.49 1.63 1.35 1.14 1.11 1.11 1.28 1.15 
FeO 17.09 16.98 17.02 16.88 17.12 17.14 17.45 16.92 
Ti (ppm) 935.57 1285.61 1454.18 957.20 1088.60 856.77 834.73 1358.72 
V 155.57 203.58 101.05 177.95 204.27 193.03 214.82 132.30 
Cr 1225.42 1113.56 1113.56 1780.68 1705.42 1854.92 1443.05 1104.41 
Mn 2476.20 2460.08 2450.01 2406.71 2576.90 2456.06 2483.24 2474.18 
Co 136.75 135.46 135.03 138.48 136.32 137.29 147.83 139.77 
Ni 397.43 389.06 400.26 392.04 375.45 378.78 428.47 389.35 
Mg# 76.18 76.18 76.18 76.18 76.18 76.18 76.18 76.18 
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Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID JD02 JD02 JD02 JD02 JD03B JD03B JD03B JD03B 
#opx 9 10 11 12 1 2 3 4 
VSF2 86.7 86.7 86.7 86.7 88.14 88.14 88.14 88.14 
BV1_GC 2807.61 2807.61 2807.61 2807.61 2809.05 2809.05 2809.05 2809.05 
UZ-MZb -1232.6 -1232.6 -1232.6 -1232.6 -1234.04 -1234.04 -1234.04 -1234.04 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Litho ol PX ol PX ol PX ol PX HARZ HARZ HARZ HARZ 
Texture cum cum cum cum P/O P/O P/O P/O 
Na2O (wt.%) 0.02 0.02 bdl bdl 0.05 0.08 0.06 0.09 
MgO 30.82 31.49 34.15 33.46 27.26 28.59 29.99 27.81 
Al2O3 0.87 0.86 0.96 0.84 1.18 1.34 0.56 1.19 
SiO2  
(Int. Std) 
1.02 1.05 0.98 0.96 0.87 0.66 0.88 0.66 
K2O bdl bdl bdl bdl 0.03 0.03 0.03 0.03 
CaO 1.50 2.11 1.49 1.30 1.77 1.55 1.30 0.69 
FeO 16.46 16.25 17.12 17.18 14.90 15.72 16.31 14.78 
Ti (ppm) 810.36 1068.29 1131.25 1367.86 557.08 1245.42 1098.66 1525.70 
V 250.61 151.43 142.56 197.76 167.48 142.31 84.15 158.66 
Cr 1395.25 1061.69 1240.68 859.02 1844.74 1318.85 1866.39 1142.52 
Mn 2391.61 2390.60 2485.26 2509.43 2233.48 2460.96 2408.62 2337.16 
Co 134.39 130.30 137.29 134.71 123.21 125.28 132.91 115.06 
Ni 385.38 374.81 382.12 389.13 437.35 412.76 424.49 370.39 
Mg# 76.18 76.18 76.18 76.18 78.02 78.02 78.02 78.02 
 
 
Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID JD03B JD03B JD03 JD03 JD03 JD03 JD03 JD03 
#opx 5 6 1 2 3 4 5 6 
VSF2 88.14 88.14 88.19 88.19 88.19 88.19 88.19 88.19 
BV1_GC 2809.05 2809.05 2809.1 2809.1 2809.1 2809.1 2809.1 2809.1 
UZ-MZb -1234.04 -1234.04 -1234.09 -1234.09 -1234.09 -1234.09 -1234.09 -1234.09 
Strat TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Litho HARZ HARZ HARZ HARZ HARZ HARZ HARZ HARZ 
Texture P/O P/O P/O P/O P/O P/O P/O P/O 
Na2O (wt.%) 0.04 0.04 0.03 0.03 0.03 0.02 0.03 0.03 
MgO 28.04 27.42 25.86 27.01 25.70 26.91 26.06 26.02 
Al2O3 1.42 1.45 1.24 1.30 1.17 1.11 1.16 1.17 
SiO2  
(Int. Std) 
0.85 0.90 0.61 0.59 0.65 0.66 0.68 0.64 
K2O 0.04 0.03 bdl bdl bdl bdl 0.00 bdl 
CaO 1.16 1.84 1.70 1.76 1.45 1.22 1.69 1.62 
FeO 15.00 14.27 14.15 14.61 14.56 15.02 14.31 14.43 
Ti (ppm) 720.35 591.22 532.70 596.40 531.00 1074.00 607.10 533.50 
V 107.81 73.14 116.00 100.40 99.77 141.10 114.00 147.50 
Cr 1936.51 2416.00 1740.00 1742.00 1691.00 1198.00 1559.00 1674.00 
Mn 2301.93 2195.24 2257.00 2301.00 2271.00 2391.00 2267.00 2258.00 
Co 131.88 120.94 116.90 119.30 119.20 112.30 115.50 117.10 
Ni 422.85 425.62 491.10 503.10 502.90 454.30 469.90 488.20 
Mg# 78.02 78.02 78.02 78.02 78.02 78.02 78.02 78.02 
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Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID JD03 JD03 JD03 JD03 JD03 FT1038 FT1038 FT1038 
#opx 7 8 9 10 1 1 2 3 
VSF2 88.19 88.19 88.19 88.19 88.2 89.05 89.05 89.05 
BV1_GC 2809.1 2809.1 2809.1 2809.1 2809.11 2810.75 2810.75 2810.75 
UZ-MZb -1234.09 -1234.09 -1234.09 -1234.09 -1234.1 -1234.95 -1234.95 -1234.95 
Strat TU4 TU4 TU4 TU4 TU3 TU3 TU3 TU3 
Litho HARZ HARZ HARZ HARZ TROC troc troc troc 
Texture P/O P/O P/O P/O inter. inter. inter. inter. 
Na2O (wt.%) 0.01 0.02 0.04 0.03 bdl 0.01 0.01 0.02 
MgO 27.15 26.97 35.09 34.81 35.07 25.70 25.07 27.17 
Al2O3 1.14 1.18 1.00 1.06 0.97 1.40 0.93 1.15 
SiO2  
(Int. Std) 
0.60 0.57 0.64 0.63 0.75 0.66 0.67 0.79 
K2O bdl 0.01 bdl bdl bdl 0.00 0.00 bdl 
CaO 0.92 1.04 1.71 1.52 1.21 1.20 0.70 1.05 
FeO 14.92 15.14 14.20 14.36 14.82 15.25 15.76 14.91 
Ti (ppm) 968.30 781.10 827.04 686.25 1181.21 1277.00 1180.00 1418.00 
V 109.40 112.20 15.61 153.67 157.44 184.10 206.10 164.30 
Cr 1223.00 1140.00 1158.97 1252.40 757.61 495.40 524.60 486.40 
Mn 2418.00 2373.00 2319.11 2265.24 2389.93 2465.00 2481.00 2384.00 
Co 105.80 117.00 123.89 117.55 105.68 102.00 120.80 115.50 
Ni 437.10 464.00 540.11 531.82 575.80 540.50 548.20 491.20 
Mg# 78.02 78.02 78.02 78.02 n.d 77.57 77.57 77.57 
 
 
Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID FT1038 FT1038 FT4203D FT4203D JD06 FT1096 FT1128 FT1128 FT1128 
#opx 4 5 1 2 1 1 1 2 3 
VSF2 89.05 89.05 90.73 90.73 159.8 197.34 228.65 234.29 234.29 
BV1_GC 2810.75 2810.75 2812.43 2812.43 2898.06 2944.94 2976.25 2981.89 2981.89 
UZ-MZb -1234.95 -1234.95 -1236.63 -1236.63 -1305.7 -1343.24 -1374.55 -1380.19 -1380.19 
Strat TU3 TU3 TU3 TU3 TU3 TU3 TU2 TU2 TU2 
Litho troc troc troc troc G-TROC HARZ HARZ HARZ HARZ 
Texture inter. incl inter. inter. inter. inter. P/O P/O P/O 
Na2O (wt.%) 0.02 0.02 0.05 0.03 0.01 bdl 0.03 0.03 0.02 
MgO 26.48 25.38 29.47 30.64 24.97 25.16 26.20 25.39 26.67 
Al2O3 0.99 1.06 1.42 1.28 0.98 0.44 1.23 1.27 1.25 
SiO2  
(Int. Std) 
0.72 0.21 0.16 0.15 0.74 0.67 0.48 0.43 0.48 
K2O bdl bdl 0.03 0.03 bdl bdl bdl bdl bdl 
CaO 1.00 0.72 1.97 1.08 1.02 0.58 1.60 1.61 1.41 
FeO 15.79 13.35 16.06 15.75 16.87 10.97 14.01 13.32 14.08 
Ti (ppm) 1192.00 1074.44 783.50 952.01 1794.00 933.15 551.28 527.15 990.29 
V 184.80 141.25 254.81 197.86 189.10 47.21 115.50 153.25 156.55 
Cr 559.80 1301.77 1918.13 1658.66 257.20 578.86 1012.43 792.46 408.98 
Mn 2507.00 2149.50 2472.01 2534.61 2544.00 1811.67 2197.82 2116.77 2314.22 
Co 118.70 99.37 136.06 126.94 115.90 92.22 125.95 115.97 115.68 
Ni 546.50 887.56 528.73 490.23 424.90 256.64 518.54 457.34 409.45 
Mg# 77.57 77.57 79.23 79.23 73.64 n.d 78.7 78.7 78.7 
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Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID FT1128 JD19 JD19 JD19 JD19 JD19 JD19 JD22 JD22 
#opx 4 1 2 3 4 5 6 1 2 
VSF2 234.29 235.255 235.255 235.255 235.255 235.255 235.255 246.7 246.7 
BV1_GC 2981.89 2982.855 2982.855 2982.855 2982.855 2982.855 2982.855 2994.3 2994.3 
UZ-MZb 
- 
1380.19 
-
1381.155 
-
1381.155 
-
1381.155 
-
1381.155 
-
1381.155 
-
1381.155 
- 
1392.6 
- 
1392.6 
Strat TU2 TU2 TU2 TU2 TU2 TU2 TU2 TU1 TU1 
Litho HARZ OPX OPX OPX OPX OPX OPX N N 
Texture P/O P/O P/O P/O P/O P/O P/O P/O P/O 
Na2O (wt.%) 0.09 bdl bdl 0.02 0.02 0.02 0.14 bdl 0.03 
MgO 26.00 31.56 30.65 34.99 34.27 34.51 25.86 31.48 31.96 
Al2O3 1.65 0.92 0.88 1.06 0.95 0.94 0.74 1.70 1.20 
SiO2  
(Int. Std) 
0.43 1.32 1.32 1.24 0.96 1.00 1.66 0.12 0.12 
K2O bdl bdl bdl bdl bdl bdl 0.01 0.03 0.03 
CaO 2.00 1.52 1.23 2.26 1.66 2.13 1.43 1.63 1.39 
FeO 13.90 13.43 13.08 14.47 14.30 13.80 11.12 17.34 16.41 
Ti (ppm) 958.58 712.27 691.59 649.82 724.96 661.89 559.87 2658.93 1424.51 
V 151.46 76.77 62.40 113.35 157.15 152.12 124.31 252.39 316.50 
Cr 362.23 790.43 759.32 972.88 999.97 924.00 677.30 250.99 452.15 
Mn 2274.53 2135.41 2068.09 2281.43 2283.86 2195.24 1753.27 3391.95 3436.55 
Co 116.46 110.74 108.17 124.86 124.28 120.74 94.07 156.81 181.37 
Ni 416.06 442.08 383.61 608.28 487.09 468.80 568.91 520.25 588.60 
Mg# 78.7 n.d n.d n.d n.d n.d n.d n.d n.d 
 
 
Table F4 cont.: Mineral chemistry of orthopyroxene of the TU.  
Sample ID JD22 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 
#opx 3 1 2 3 4 5 6 7 8 
VSF2 246.7 257.44 257.44 257.44 257.44 257.44 257.44 257.44 257.44 
BV1_GC 2994.3 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 
UZ-MZb -1392.6 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 
Strat TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 TU1 
Litho N OLLG OLLG OLLG OLLG OLLG OLLG OLLG OLLG 
Texture P/O inter. inter. inter. inter. inter. inter. inter. inter. 
Na2O (wt.%) 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 
MgO 32.55 25.01 24.09 25.39 24.96 25.01 24.09 25.39 24.96 
Al2O3 1.71 1.32 1.02 1.01 0.97 1.32 1.02 1.01 0.97 
SiO2  
(Int. Std) 
0.06 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 
K2O 0.04 bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 1.71 1.17 1.41 1.03 1.28 1.17 1.41 1.03 1.28 
FeO 17.18 17.24 16.04 16.42 16.35 17.24 16.04 16.42 16.35 
Ti (ppm) 1986.84 1004.00 959.20 1068.00 985.90 1004.00 959.20 1068.00 985.90 
V 237.06 163.40 146.30 164.80 147.00 163.40 146.30 164.80 147.00 
Cr 413.92 200.40 194.60 195.20 203.10 200.40 194.60 195.20 203.10 
Mn 3170.03 2643.00 2448.00 2500.00 2557.00 2643.00 2448.00 2500.00 2557.00 
Co 155.40 123.80 116.20 120.40 122.20 123.80 116.20 120.40 122.20 
Ni 496.30 455.60 454.90 421.20 468.00 455.60 454.90 421.20 468.00 
Mg# n.d 75.35 75.35 75.35 75.35 75.35 75.35 75.35 75.35 
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F4. Clinopyroxene 
 
Table F5: Mineral chemistry of clinopyroxene of the MZ as determined by LA-ICP-MS. 
Sample BK015 BK015 BK072 BK009 BK009 BK009 BK062 BK062 
#cpx 1 2 1 1 2 3 1 2 
VSF2 390.27 390.27 422.82 499.13 499.13 499.13 509.74 509.74 
BV1_C 3111.97 3111.97 3144.52 3220.83 3220.83 3220.83 3231.44 3231.44 
UZ-MZb -1536.17 -1536.17 -1568.72 -1645.03 -1645.03 -1645.03 -1655.64 -1655.64 
BV1_GC 3137.87 3137.87 3170.42 3246.73 3246.73 3246.73 3257.34 3257.34 
Stratigraphy MZ MZ MZ MZ MZ MZ MZ MZ 
Lithology GN GN GN GN GN GN GN GN 
Texture CUM CUM CUM CUM CUM CUM CUM CUM 
Na2O (wt.%) bdl bdl 0.27 0.26 0.26 0.26 0.20 0.17 
MgO 21.01 22.72 16.54 17.91 17.97 18.50 16.06 16.62 
Al2O3 1.42 1.44 1.97 1.39 1.91 1.91 1.69 1.29 
SiO2  
(Int. Std.) 
0.83 0.83 0.77 0.47 0.60 0.57 0.89 0.86 
K2O bdl bdl 0.05 0.03 0.03 0.03 0.08 0.02 
CaO 23.69 25.50 21.16 19.14 19.30 19.23 12.11 19.11 
FeO 10.86 11.76 10.71 9.81 9.50 9.79 9.85 9.08 
Ti  (ppm) 2160.99 2271.01 2883.23 1989.83 2113.87 2035.58 1008.00 1392.00 
V 506.88 548.54 453.61 414.99 420.91 420.61 297.30 414.20 
Cr 328.29 356.55 192.83 183.39 174.31 180.29 155.70 164.70 
Mn 2204.77 2412.79 2022.11 2040.33 2005.31 2022.32 1887.00 1841.00 
Co 89.40 95.71 79.62 77.80 72.95 76.82 74.78 70.62 
Ni 171.58 93.48 220.83 220.97 215.34 224.50 245.60 278.20 
Mg# 76.35 76.35 n.d 75.16 75.16 75.16 n.d n.d 
 
 
Table F6: Mineral chemistry of clinopyroxene of the TU as determined by LA-ICP-MS. 
Sample ID FT1002  FT1002  FT1002  FT1002  FT1002  FT1002  FT1006 FT1019 
#cpx 1 2 3 4 5 6 1 1 
VSF2 15.5 15.5 15.5 15.5 15.5 15.5 36.84 65.94 
BV1_C 2737.2 2737.2 2737.2 2737.2 2737.2 2737.2 2758.54 2787.64 
UZ-MZb -1161.4 -1161.4 -1161.4 -1161.4 -1161.4 -1161.4 -1182.74 -1211.84 
BV1_GC 2735.16 2735.16 2735.16 2735.16 2735.16 2735.16 2756.5 2785.6 
Stratigraphy TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology OLN OLN OLN OLN OLN OLN OLGN LN 
Texture frame frame inter. inter. inter. frame inter. inter. 
Na2O (wt.%) 0.28 0.27 0.29 0.28 0.28 0.31 0.40 0.22 
MgO 14.30 16.39 15.86 15.84 15.84 17.05 15.37 19.28 
Al2O3 1.61 1.73 2.16 2.32 2.32 2.53 3.03 2.04 
SiO2  
(Int. Std.) 
0.44 0.38 0.61 0.61 0.61 0.47 0.27 1.06 
K2O bdl bdl bdl bdl bdl bdl 0.03 bdl 
CaO 16.04 14.83 19.55 20.31 20.31 20.54 23.22 22.46 
FeO 6.50 8.54 7.96 8.15 8.15 8.45 6.11 7.23 
Ti  (ppm) 1833.62 2211.18 2426.10 2342.69 2342.69 2704.56 4195.93 2758.00 
V 459.69 555.50 250.20 299.89 299.89 167.29 401.19 460.20 
Cr 2622.20 2297.55 2633.33 3191.18 3191.18 3181.27 2506.33 2618.00 
Mn 1274.53 1505.29 1459.53 1533.97 1533.97 1530.96 1179.80 1393.00 
Co 49.63 65.40 58.48 62.02 62.02 61.73 40.31 52.70 
Ni 270.80 320.64 321.17 260.34 260.34 267.62 197.41 282.40 
Mg# n.d n.d n.d n.d n.d n.d n.d n.d 
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Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID FT1030 FT1030 FT1030 FT1030 FT1030 JD33 JD33 JD33 
#cpx 1 2 3 4 5 1 2 3 
VSF2 82.44 82.44 82.44 82.44 82.44 82.82 82.82 82.82 
BV1_C 2804.14 2804.14 2804.14 2804.14 2804.14 2804.52 2804.52 2804.52 
UZ-MZb -1228.34 -1228.34 -1228.34 -1228.34 -1228.34 -1228.72 -1228.72 -1228.72 
BV1_GC 2802.1 2802.1 2802.1 2802.1 2802.1 2803.73 2803.73 2803.73 
Stratigraphy TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology ? OLLN OLLN OLLN OLLN m An m An m An 
Texture P/O P/O P/O P/O frame inter. inter. inter. 
Na2O (wt.%) 0.29 0.28 0.29 0.27 0.25 0.21 0.17 0.25 
MgO 15.77 16.25 17.07 16.99 17.21 14.60 16.19 16.00 
Al2O3 2.96 3.79 3.55 3.55 3.08 2.32 2.83 3.28 
SiO2  
(Int. Std.) 
0.78 0.72 0.67 0.67 0.52 0.65 0.56 0.50 
K2O bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 18.52 17.97 19.44 18.23 18.84 20.64 20.52 21.45 
FeO 9.09 9.88 10.13 10.03 9.32 9.31 9.93 9.57 
Ti  (ppm) 1263.00 1375.00 1265.00 1251.00 2836.17 2283.60 2591.03 3073.78 
V 366.60 126.80 414.20 157.10 393.13 407.88 479.77 444.24 
Cr 3535.00 3697.00 3672.00 3571.00 2521.35 595.48 648.50 620.16 
Mn 1628.00 1635.00 1733.00 1640.00 1578.02 1910.45 1959.51 1936.62 
Co 67.77 71.17 74.80 75.44 74.15 65.48 67.75 68.43 
Ni 295.80 312.10 321.70 335.90 275.86 191.77 224.79 265.80 
Mg# 83.44 83.44 83.44 83.44 83.44 n.d n.d n.d 
 
 
Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID JD33 JD33 FT4201A FT4201A FT4201A JD02 JD02 JD03B JD03B 
#cpx 4 5 1 2 3 1 2 1 2 
VSF2 82.82 82.82 86.11 86.11 86.11 86.7 86.7 88.14 88.14 
BV1_C 2804.52 2804.52 2807.82 2807.82 2807.82 2808.4 2808.4 2809.84 2809.84 
UZ-MZb -1228.72 -1228.72 -1232.02 -1232.02 -1232.02 -1232.6 -1232.6 -1234.04 -1234.04 
BV1_GC 2803.73 2803.73 2807.03 2807.03 2807.03 2807.61 2807.61 2809.05 2809.05 
Stratigraphy TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 TU4 
Lithology m An m An OLMGN OLMGN OLMGN ol PX ol PX HARZ HARZ 
Texture inter. inter. poik. poik. poik. inter. inter. inter. incl. 
Na2O  
(wt.%) 
0.21 0.20 0.27 0.30 0.26 0.33 0.32 0.39 0.52 
MgO 15.58 15.15 18.07 16.67 17.11 18.82 19.93 12.60 16.93 
Al2O3 2.52 2.84 1.66 2.53 2.09 2.98 3.07 2.34 2.24 
SiO2 
 (Int. Std.) 
0.47 0.47 0.56 0.90 0.91 1.06 1.01 0.75 0.83 
K2O bdl bdl 0.03 0.03 0.03 bdl bdl 0.04 0.03 
CaO 21.53 18.82 16.80 18.01 16.31 22.91 23.12 20.62 16.84 
FeO 9.05 8.96 7.95 7.78 8.23 8.10 8.29 5.17 7.45 
Ti  
(ppm) 
2277.98 2493.87 2371.00 1394.00 1713.00 4373.70 4418.38 3335.74 1762.14 
V 398.19 457.65 438.70 187.80 367.70 465.33 535.52 566.93 371.67 
Cr 522.68 464.06 2761.00 3143.00 3028.00 2410.17 2476.27 2412.90 3589.45 
Mn 1857.76 1838.28 1511.00 1432.00 1546.00 1537.68 1573.93 1223.94 1392.03 
Co 64.49 61.45 59.89 57.05 58.54 63.50 64.90 20.92 57.61 
Ni 245.08 253.05 283.50 295.00 278.30 259.07 249.64 44.11 244.13 
Mg# n.d n.d n.d n.d n.d 80.65 80.65 n.d n.d 
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Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID JD03 JD03 FT1038 FT1038 FT1038 FT1038 FT4203D FT4203D 
#cpx 1 2 1 2 3 4 1 2 
VSF2 88.14 88.14 89.05 89.05 89.05 89.05 90.73 90.73 
BV1_C 2809.84 2809.84 2810.75 2810.75 2810.75 2810.75 2812.43 2812.43 
UZ-MZb -1234.04 -1234.04 -1234.95 -1234.95 -1234.95 -1234.95 -1236.63 -1236.63 
BV1_GC 2809.05 2809.05 2810.75 2810.75 2810.75 2810.75 2812.43 2812.43 
Stratigraphy TU4 TU4 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology HARZ HARZ troc troc troc troc troc troc 
Texture inter. inter. inter. inter. inter. inter. pheno inter. 
Na2O (wt.%) 0.36 0.33 0.29 0.30 0.32 0.29 0.45 0.51 
MgO 17.50 17.14 14.24 15.21 15.93 15.74 18.85 19.85 
Al2O3 2.11 2.13 2.27 1.95 3.54 1.95 1.78 1.74 
SiO2  
(Int. Std.) 
0.65 0.66 0.20 0.17 0.17 0.17 0.23 0.25 
K2O 0.01 0.00 bdl bdl bdl bdl 0.03 0.03 
CaO 18.87 18.87 15.42 15.55 17.51 16.29 17.56 16.00 
FeO 8.40 8.06 6.64 7.10 7.81 7.18 9.88 9.33 
Ti (ppm) 2945.00 3083.00 2184.77 1789.24 2415.06 1820.64 1412.19 1427.07 
V 475.70 490.20 400.16 357.16 377.28 341.91 370.76 245.93 
Cr 2390.00 2297.00 2976.28 2877.45 2902.86 2945.22 2765.84 2639.50 
Mn 1611.00 1557.00 1289.35 1346.24 1535.85 1372.96 1805.01 1656.22 
Co 63.48 59.81 45.06 47.10 45.36 45.91 85.36 76.53 
Ni 314.60 302.00 589.47 701.46 627.78 682.41 387.18 359.65 
Mg# 83.91 83.91 79.78 79.78 79.78 79.78 81.04 81.04 
 
 
Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID FT1041 FT1041 JD04 JD04 JD04 JD04 JD04 JD04 JD04 
#cpx 1 2 1 2 3 4 5 6 7 
VSF2 97.5 97.5 119.89 119.89 119.89 119.89 119.89 119.89 119.89 
BV1_C 2819.2 2819.2 2841.59 2841.59 2841.59 2841.59 2841.59 2841.59 2841.59 
UZ-MZb -1243.4 -1243.4 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 -1265.79 
BV1_GC 2819.2 2819.2 2842.79 2842.79 2842.79 2842.79 2842.79 2842.79 2842.79 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology troc troc m An m An m An m An m An m An m An 
Texture inter. inter. inter. inter. inter. inter. inter. inter. inter. 
Na2O (wt.%) 0.39 0.40 0.34 0.34 0.32 0.32 0.33 0.30 0.31 
MgO 19.27 21.38 15.84 15.84 13.79 15.52 16.62 16.44 17.11 
Al2O3 5.15 6.84 2.47 2.47 2.17 2.90 3.79 3.05 3.91 
SiO2  
(Int. Std.) 
0.10 0.09 0.25 0.25 0.14 0.13 0.12 0.13 0.12 
K2O 0.04 0.04 0.01 0.01 bdl bdl bdl bdl bdl 
CaO 25.71 24.63 12.31 12.31 11.57 12.98 14.15 14.63 14.20 
FeO 8.52 10.37 6.46 6.46 6.91 6.83 7.36 7.19 7.17 
Ti (ppm) 4192.06 4082.30 2385.42 2385.42 2365.21 2331.52 2819.21 3028.95 2971.67 
V 624.23 548.75 483.68 483.68 524.04 519.20 469.47 524.96 519.30 
Cr 1687.62 1670.00 633.87 633.87 649.97 713.57 824.53 668.51 726.29 
Mn 1725.35 2276.89 1294.92 1294.92 1386.38 1331.68 1391.51 1412.88 1416.29 
Co 55.34 60.16 47.92 47.92 53.26 54.02 60.30 55.91 56.49 
Ni 242.08 270.29 1094.30 1094.30 1176.68 1207.22 1273.13 1195.17 1222.90 
Mg# n.d n.d n.d n.d n.d n.d n.d n.d n.d 
 
 
 
 
 
 435 
 
Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID JD04 JD04 JD05 JD06 FT1096 JD07 JD07 JD07 
#cpx 8 9 1 2 1 1 2 3 
VSF2 119.89 119.89 136.05 159.8 197.34 204.55 204.55 204.55 
BV1_C 2841.59 2841.59 2857.75 2881.5 2919.04 2926.25 2926.25 2926.25 
UZ-MZb -1265.79 -1265.79 -1281.95 -1305.7 -1343.24 -1350.45 -1350.45 -1350.45 
BV1_GC 2842.79 2842.79 2858.95 2898.06 2944.94 2952.15 2952.15 2952.15 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology m An m An ? G-TROC HARZ m TROC m TROC m TROC 
Texture inter. inter. inter. inter. inter. ? ? ? 
Na2O (wt.%) 0.32 0.24 0.31 0.29 0.34 2.39 2.27 2.93 
MgO 15.87 16.38 17.13 15.77 15.88 23.44 23.75 20.98 
Al2O3 2.81 2.51 3.52 2.17 2.60 10.40 10.06 11.45 
SiO2  
(Int. Std.) 
0.65 0.67 0.81 0.67 0.65 1.09 1.05 0.88 
K2O bdl bdl 0.04 0.00 bdl 0.32 0.28 0.09 
CaO 16.61 16.66 23.47 22.27 15.40 13.39 13.10 11.43 
FeO 6.80 6.92 7.53 7.86 6.97 9.47 9.54 9.74 
Ti (ppm) 2853.51 2940.52 3592.30 3747.00 2214.23 5133.00 3297.00 474.00 
V 417.07 500.00 541.62 563.80 485.93 363.40 313.80 87.02 
Cr 1090.52 440.30 783.48 762.10 1299.73 689.70 374.90 157.20 
Mn 1427.61 1527.52 1589.48 1564.00 1421.90 883.90 1010.00 1076.00 
Co 50.80 50.30 47.27 53.92 47.95 80.60 79.99 93.50 
Ni 221.13 202.96 256.90 289.40 173.54 788.00 736.30 817.90 
Mg# n.d n.d 81.61 78.71 82.49 n.d n.d n.d 
 
 
Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID BK073 BK073 BK073 BK073 BK073 BK073 BK073 JD20 
#cpx 1 2 3 4 5 6 7 1 
VSF2 217.20 217.20 217.20 217.20 217.20 217.20 217.20 246.7 
BV1_C 2938.90 2938.90 2938.90 2938.90 2938.90 2938.90 2938.90 2968.4 
UZ-MZb -1363.10 -1363.10 -1363.10 -1363.10 -1363.10 -1363.10 -1363.10 -1392.6 
BV1_GC 2964.80 2964.80 2964.80 2964.80 2964.80 2964.80 2964.80 2994.3 
Stratigraphy TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU2 
Lithology m An m An m An m An m An m An m An G 
Texture inter. inter. inter. inter. inter. inter. inter. frame 
Na2O (wt.%) 0.20 0.20 0.21 0.20 0.24 0.24 0.23 0.32 
MgO 15.23 15.40 16.21 14.55 16.03 15.42 14.44 18.51 
Al2O3 4.02 5.56 4.87 3.46 4.68 3.99 3.31 2.90 
SiO2  
(Int. Std.) 
0.83 0.84 0.86 0.86 0.83 0.87 0.83 0.31 
K2O 0.00 0.00 0.00 0.00 0.00 0.00 bdl 0.04 
CaO 19.37 17.91 20.02 19.47 19.44 17.62 16.81 20.17 
FeO 13.60 15.78 14.98 14.60 14.92 14.89 13.83 9.90 
Ti (ppm) 3160.00 3014.00 3141.00 3007.00 2559.00 2620.00 2700.00 3200.62 
V 529.50 509.10 538.00 530.60 501.80 534.50 487.30 434.44 
Cr 351.10 528.10 364.40 289.80 357.30 430.10 397.80 1835.58 
Mn 1902.00 1858.00 2017.00 2030.00 2010.00 2013.00 1976.00 1778.00 
Co 73.39 79.14 73.72 72.55 70.97 74.17 74.26 66.96 
Ni 722.60 1881.00 658.50 877.70 796.30 650.50 682.80 283.64 
Mg# n.d n.d n.d n.d n.d n.d n.d n.d 
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Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID JD20 JD20 JD20 FT1143 FT1143 FT1143 FT1143 FT1143 FT1143 
#cpx 2 3 4 1 2 3 4 5 6 
VSF2 246.7 246.7 246.7 257.44 257.44 257.44 257.44 257.44 257.44 
BV1_C 2968.4 2968.4 2968.4 2979.19 2979.19 2979.19 2979.19 2979.19 2979.19 
UZ-MZb -1392.6 -1392.6 -1392.6 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 -1403.39 
BV1_GC 2994.3 2994.3 2994.3 3005.09 3005.09 3005.09 3005.09 3005.09 3005.09 
Stratigraphy TU2 TU2 TU2 TU1 TU1 TU1 TU1 TU1 TU1 
Lithology G G G LG LG LG LG olG olG 
Texture frame frame frame frame frame frame frame frame frame 
Na2O (wt.%) 0.31 0.33 0.30 0.21 0.20 0.23 0.33 0.28 0.25 
MgO 16.72 18.07 16.15 15.62 15.61 15.66 16.39 17.34 17.17 
Al2O3 2.97 2.55 2.13 0.51 0.22 0.33 1.99 2.02 1.41 
SiO2  
(Int. Std.) 
0.37 0.15 0.24 0.72 0.74 0.75 0.80 0.84 0.83 
K2O 0.04 0.05 0.05 bdl bdl 0.01 bdl bdl bdl 
CaO 20.32 19.59 18.60 21.83 22.19 21.76 20.72 20.31 17.35 
FeO 9.15 9.63 8.90 6.73 6.61 6.48 8.70 8.48 7.63 
Ti (ppm) 4678.70 2674.72 2611.03 184.30 229.30 156.30 2163.00 1606.00 1426.00 
V 485.15 326.45 364.36 227.30 234.80 193.00 382.70 354.70 397.10 
Cr 1647.25 2018.09 1561.23 247.70 278.30 236.90 439.50 443.90 421.40 
Mn 1700.90 1856.06 1659.92 1555.00 1609.00 1756.00 1793.00 1678.00 1527.00 
Co 60.30 66.74 60.54 45.05 45.77 42.39 55.76 56.08 49.51 
Ni 262.36 278.13 251.35 216.30 217.80 209.60 277.40 269.80 243.40 
Mg# n.d n.d n.d n.d n.d n.d n.d n.d n.d 
 
 
Table F6 cont.: Mineral chemistry of clinopyroxene of the TU. 
Sample ID JD25 JD25 JD25 JD25 
#cpx 1 2 3 4 
VSF2 268.46 268.46 268.46 268.46 
BV1_C 2990.16 2990.16 2990.16 2990.16 
UZ-MZb -1414.36 -1414.36 -1414.36 -1414.36 
BV1_GC 3016.06 3016.06 3016.06 3016.06 
Stratigraphy TU1 TU1 TU1 TU1 
Lithology olG olG olG olG 
Texture frame frame frame frame 
Na2O (wt.%) 0.20 bdl bdl 0.22 
MgO 21.65 23.72 22.77 20.88 
Al2O3 1.35 1.78 1.72 1.56 
SiO2  
(Int. Std.) 
0.88 0.97 0.98 0.93 
K2O bdl bdl bdl bdl 
CaO 19.15 22.67 22.14 21.09 
FeO 8.14 9.44 9.07 7.57 
Ti (ppm) 1433.26 1517.63 1525.35 1673.93 
V 311.25 329.29 316.43 328.41 
Cr 257.50 312.38 298.33 249.33 
Mn 1688.85 1906.72 1835.99 1547.10 
Co 60.83 68.43 65.52 55.45 
Ni 237.54 bdl 75.00 215.61 
Mg# 81.34 81.34 81.34 81.34 
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Appendix G 
Chapter 9: BMS mineralogy and chemistry 
 
G.1 Mineral chemistry: BMS 
 
See Supplementary Appendix 19 for the full LA-ICP-MS dataset including running 
conditions, set-up, standards and stats.   
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Table G.1: Mineral chemistry of pyrrhotite measured in the TU of the VSF2 borehole. 
Sample ID FT1061 FT1061 JD34A FT1089 FT1101 BK073B BK073B BK073B BK073B FT4207 JD17 JD17 JD17 FT1143 FT1143 
Mineral po po po po po po po po po po po po po po po 
Assemblage M H M M H M M M M M H H H M M 
Depth 133.49 133.49 142.8 178.56 198.58 217.2 217.2 217.2 217.2 230.24 235.33 235.33 235.33 257.44 257.44 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU2 TU2 TU2 TU2 TU1 TU1 
Lithology m Troc m Troc mix m Troc m Troc m An m An m An m An felsic OLGN OLGN OLGN G+olG G+olG 
S/Se ratio 659 3325 3859 2403 19674 970 908 1752 2130 15219 25693 18861 18849 1906 975 
S (wt.%) 38 38 36 38 38 35 38 38 38 36 38 38 38 38 38 
Fe 57.97 58.94 50.24 60.75 62.30 60.36 60.46 60.79 60.58 44.87 61.97 61.05 60.77 62.94 60.52 
Cu 1.57 bdl bdl 0.26 bdl 0.07 bdl bdl bdl 8.85 bdl bdl bdl bdl bdl 
Ni 1.84 0.40 7.34 0.42 0.64 1.00 1.22 0.60 0.40 0.41 0.39 0.18 0.37 0.50 0.63 
Mo bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Pb bdl bdl bdl bdl 0.008 bdl bdl bdl bdl bdl 0.003 bdl 0.003 bdl bdl 
  
Co (ppm) 119 15 2003 90 442 23 27 12 10 391 175 39 145 26 30 
Zn 126 bdl bdl 255 146 80 bdl bdl bdl 7487 bdl bdl bdl 33 50 
As bdl bdl 7 77 bdl bdl bdl bdl bdl bdl bdl bdl bdl 9 bdl 
Se 577 114 93 158 19 361 418 217 178 24 15 20 20 199 390 
Ag 5.58 bdl 1.07 bdl 3.24 12.17 bdl 0.80 1.29 52.25 5.35 0.55 bdl 1.85 1.35 
Cd 22.3 bdl bdl bdl bdl 3.3 bdl 2.3 2.8 bdl bdl bdl bdl bdl bdl 
Sb 1.14 bdl bdl bdl bdl 1.63 bdl 0.42 2.08 1.10 bdl bdl bdl 1.78 bdl 
Te 25.84 bdl 2.18 0.50 1.27 8.41 bdl 6.82 7.57 bdl bdl bdl bdl 315.41 10.44 
Re 1.39 bdl 0.45 0.40 bdl 1.49 1.54 1.67 1.96 bdl 0.05 bdl bdl 1.08 1.61 
Bi bdl bdl 0.21 0.13 bdl 0.08 bdl 0.21 0.46 0.63 0.46 0.13 bdl 65.93 1.87 
    
Os (ppm) 9.74 bdl 1.07 0.74 bdl bdl 2.12 2.38 2.75 3.22 0.04 bdl bdl 3.38 0.36 
Ir 0.22 bdl 1.70 0.05 bdl 0.76 1.21 1.18 0.94 1.24 bdl bdl bdl 2.24 0.76 
Ru bdl bdl 6.04 0.73 bdl 2.06 0.90 1.69 2.59 bdl 0.51 bdl bdl 13.54 2.55 
Rh bdl bdl 11.35 bdl <0.12 0.95 0.29 0.35 0.40 0.26 bdl bdl bdl 1.52 bdl 
Pd bdl bdl 244.72 0.27 0.39 2.66 bdl 1.05 1.18 bdl 1.99 bdl bdl 8.31 bdl 
Pt 4.19 bdl 0.97 1.32 bdl 1.94 0.83 1.53 1.68 bdl 0.22 bdl bdl 5.44 1.42 
Au 0.25 bdl 0.12 bdl bdl 1.22 bdl 1.22 0.32 0.10 bdl bdl bdl 0.05 bdl 
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Table G.2: Mineral chemistry of pentlandite measured in the TU of the VSF2 borehole.  
Sample ID JD03 FT1038 JD34A FT1101 JD12 FT1128 FT1128 FT1128 
Mineral pn pn pn pn pn pn pn pn 
Assemblage H H H H M M M M 
Depth 88.19 89.05 142.8 198.58 219.5 234.29 234.29 234.29 
Subunit TU3 TU3 TU3 TU3 TU3 TU2 TU2 TU2 
Lithology m Troc m Troc mix m Troc OLGN UM UM UM 
S/Se ratio 5311 4555 4654 2435 1587 705 1435 2790 
S (wt.%) 33.5 33.5 33.5 33.5 33.5 38 33.5 33.5 
Fe 34.41 32.56 30.60 26.35 21.11 18.77 19.23 33.28 
Cu bdl bdl bdl bdl bdl bdl bdl bdl 
Ni 27.37 29.89 36.68 38.24 39.93 34.38 43.60 32.91 
Mo bdl bdl bdl bdl bdl bdl bdl bdl 
Pb bdl bdl bdl bdl 0.003 0.006 0.004 0.008 
    
Co (ppm) 2043 1883 10829 13252 73268 210882 138725 42914 
Zn bdl bdl 36 36 26 1711 20135 84 
As bdl bdl 32 36 858 45 27 2740 
Se 63 74 72 138 211 539 233 120 
Ag bdl 0.90 0.69 bdl 13.87 11.19 2.91 0.90 
Cd bdl bdl bdl bdl bdl bdl 21.0 1.3 
Sb bdl bdl bdl bdl 18.99 1.25 bdl 1.49 
Te bdl bdl bdl 3.60 13.71 40.65 4.37 27.26 
Re bdl bdl bdl bdl 0.24 1.49 bdl 2.77 
Bi bdl bdl bdl 0.35 8.30 1.66 1.25 4.42 
    
Os (ppm) bdl 0.09 bdl bdl bdl 10.83 6.80 1.88 
Ir 0.11 0.34 0.88 bdl bdl 24.11 30.68 0.20 
Ru bdl 0.23 bdl bdl bdl 25.91 11.26 3.67 
Rh 1.64 5.66 8.96 bdl bdl 11.01 7.22 3.82 
Pd 857.93 722.25 1427.48 2.51 18.61 8.71 4.02 302.13 
Pt 0.57 1.92 1.78 bdl bdl 9.56 4.57 0.61 
Au bdl bdl 0.04 bdl 13.41 1.21 bdl bdl 
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Table G.3: Mineral chemistry of chalcopyrite measured in the TU of the VSF2 borehole. 
Sample ID JD03 JD03 JD03 JD03 FT1038 FT1038 FT1038 FT1038 FT4203D FT4203D JD26 BK073B BK073B BK073B BK073B 
Mineral ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp ccp 
Assemblage M H M H M M M M M M M M M M M 
Depth 88.19 88.19 88.19 88.19 89.05 89.05 89.05 89.05 90.77 90.77 143.3 217.2 217.2 217.2 217.2 
Subunit TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 TU3 
Lithology m Troc m Troc m Troc m Troc m Troc m Troc m Troc m Troc troc troc olGN m An m An m An m An 
S/Se ratio 3331 3663 3026 6720 3672 2542 3803 3374 1546 2170 930 1380 905 1153 1544 
S (wt.%) 35 35 35 35 35 35 35 35 35 35 35 35 35 35 35 
Fe 37.60 40.28 39.65 42.50 41.30 45.97 45.77 48.28 36.03 36.77 45.31 42.06 39.12 39.53 39.50 
Cu 28.47 24.15 26.88 22.42 17.53 15.70 15.64 15.77 32.29 29.36 37.10 27.79 32.20 31.25 33.55 
Ni bdl bdl bdl bdl bdl bdl bdl bdl 0.16 1.50 bdl 0.19 bdl 0.34 0.11 
Mo bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Pb bdl bdl bdl bdl bdl bdl bdl bdl 0.009 0.008 bdl bdl bdl 0.003 0.006 
    
Co (ppm) bdl bdl bdl bdl bdl bdl bdl bdl 36 923 bdl bdl bdl 13 bdl 
Zn 484 475 429 79 447 465 431 2074 297 553 411 3060 3069 4347 2348 
As bdl bdl bdl bdl bdl bdl bdl bdl 667 1040 bdl bdl bdl bdl bdl 
Se 105 96 116 52 95 138 92 104 226 161 376 254 387 304 227 
Ag 15.91 22.04 13.32 bdl 6.97 13.30 8.95 9.12 2.96 3.08 bdl 36.00 85.66 24.07 50.49 
Cd 2.1 1.5 1.8 1.4 2.8 bdl bdl 2.6 2.2 3.1 bdl 8.2 26.0 30.3 7.5 
Sb bdl bdl bdl bdl bdl bdl bdl bdl 0.79 4.17 bdl bdl bdl 1.76 bdl 
Te bdl bdl bdl bdl 2.05 1.75 bdl bdl 1.68 bdl 1.93 bdl 32.58 bdl bdl 
Re bdl bdl bdl bdl 0.35 0.28 bdl bdl bdl 0.21 0.12 bdl 1.81 0.84 bdl 
Bi bdl bdl bdl bdl bdl bdl bdl bdl 0.53 0.24 bdl <0.05 7.57 1.24 bdl 
    
Os (ppm) bdl bdl bdl bdl bdl 0.80 bdl bdl 1.35 0.17 bdl bdl 5.04 4.53 bdl 
Ir 0.01 bdl bdl bdl 0.16 0.10 0.03 bdl bdl 0.05 bdl bdl 2.63 bdl bdl 
Ru bdl bdl bdl bdl 0.52 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Rh bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Pd bdl bdl bdl bdl bdl 1.28 bdl bdl bdl bdl bdl bdl 8.45 bdl bdl 
Pt bdl bdl bdl bdl 0.15 0.98 bdl bdl 2.88 1.17 bdl bdl 3.76 bdl bdl 
Au bdl bdl bdl bdl 0.24 0.13 bdl bdl bdl 0.25 bdl 1.69 2.60 0.92 bdl 
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Table G.3 cont.: Mineral chemistry of chalcopyrite and mixed BMS measured in the TU 
of the VSF2 borehole. 
Sample ID JD14 JD14 JD14 JD14 FT4207  JD03 JD26 FT1089 BK073B 
Mineral ccp ccp ccp ccp ccp  mix mix mix mix 
Assemblage M H M M H  M M M M 
Depth 221.7 221.7 221.7 221.7 230.24  88.19 143.3 178.56 217.2 
Subunit TU2 TU2 TU2 TU2 TU2  TU3 TU3 TU3 TU3 
Lithology An An An An felsic  m Troc olGN m Troc m An 
S/Se ratio 1127 3684 801 893 7246  3317 1131 1288 1143 
S (wt.%) 35 35 35 35 35  35 33.5 38 35 
Fe 41.06 35.12 38.05 38.26 45.11  46.81 36.00 56.71 33.68 
Cu 31.44 35.69 31.10 29.00 11.61  18.11 1.52 0.14 19.02 
Ni bdl bdl bdl bdl bdl  bdl 38.60 10.09 19.95 
Mo bdl bdl bdl bdl bdl  bdl bdl bdl bdl 
Pb bdl bdl bdl 0.002 0.002  bdl 0.051 0.008 0.005 
               
Co (ppm) bdl bdl bdl bdl 11  bdl 10993 2140 1856 
Zn 673 976 1975 1587 1507  426 638 1157 1933 
As bdl bdl bdl bdl 41  bdl 21 119 bdl 
Se 311 95 437 392 48  106 296 295 306 
Ag 4.81 15.85 1.85 3.35 12.62  6.26 181.69 8.84 14.42 
Cd 2.8 9.0 9.6 6.3 bdl  2.6 bdl bdl 7.8 
Sb bdl bdl bdl bdl 0.53  bdl 6.65 0.49 bdl 
Te bdl bdl bdl bdl bdl  bdl 8.68 bdl bdl 
Re bdl bdl bdl bdl 1.19  bdl 0.04 0.05 bdl 
Bi 2.70 0.16 bdl 0.07 1.01  bdl 55.61 0.76 1.39 
               
Os (ppm) bdl bdl bdl bdl bdl  bdl bdl 1.01 bdl 
Ir 0.05 bdl bdl bdl bdl  bdl bdl 0.04 bdl 
Ru bdl bdl bdl bdl bdl  bdl 0.82 2.73 bdl 
Rh bdl bdl bdl bdl bdl  bdl 1.45 1.24 6.04 
Pd 0.59 bdl 0.31 17.62 bdl  bdl 73.24 9.21 108.38 
Pt 1.26 bdl bdl 3.19 bdl  bdl 0.48 2.71 bdl 
Au bdl bdl bdl 1.37 0.25  bdl 0.10 0.06 bdl 
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G.2 Summary of PGE enrichment in BMS 
 
A summary of PGE, Se and Co enrichment in the BMS, split into BMS type and 
assemblage, of the TU is given a Table G.4. 
 
Table G.4: Concentration and range of IPGE and PPGE, Se and Co enrichment per BMS 
type of the TU (assemblage 1 and 2). 
  IPGE PPGE Se Co 
 BMS types 
Pyrrhotite n 13 13 13 13 
 Min bdl bdl 15 ppm 10 ppm 
 Max 19.15 ppm 10.11 ppm 577 ppm 442 ppm 
 Avg.  4.11 ppm 2.35 ppm 207 ppm 89 ppm 
Pentlandite n 9 9 9 9 
 Min bdl 2.51 ppm 63 ppm 1883 ppm 
 Max 60.84 ppm 724.57 ppm 539 ppm 21.09 wt.% 
 Avg. 13.09 ppm 380.93 ppm 194 ppm 5.61 wt.% 
Chalcopyrite n 21 21 21 21 
 Min bdl bdl 48 bld 
 Max 7.66 ppm 20.75 ppm 437 923 
 Avg. 0.74 ppm 1.98 ppm 196 ppm 47 ppm 
 
Assemblage 1 Not analysed 
Assemblage 2 Magmatic and magmatic-hydrothermal 
Pyrrhotite n 8 8 8 8 
 Min 1.51 ppm 0.83 ppm 158 ppm 10 ppm 
 Max 19.15 ppm 1.42 ppm 577 ppm 119 ppm 
 Avg. 6.61 ppm 2.16 ppm 312 ppm 42 ppm 
Pentlandite n 4 4 4 4 
 Min bdl 17.63 ppm 120 ppm 4.29 wt.% 
 Max 60.84 ppm 302.49 ppm 539 ppm 21.09 wt.% 
 Avg. 28.83 ppm 88.66 ppm 275.94 ppm 11.65 wt.% 
Chalcopyrite n 17 17 17 17 
 Min bdl bdl 92 ppm bdl 
 Max 7.66 ppm 20.75 ppm 437 ppm 923 ppm 
 Avg. 0.91 ppm 2.45 ppm 225 ppm 57 ppm 
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Table G.4 cont.: Concentration and range of IPGE and PPGE, Se and Co enrichment per 
BMS type of the TU (assemblage 3). 
  IPGE PPGE Se Co 
Assemblage 3 Hydrothermal 
Pyrrhotite n 5 5 5 5 
 Min bdl bdl 15 ppm 442 ppm 
 Max 0.55 ppm 2.19 ppm 114 ppm 15 ppm 
 Avg. 0.1 ppm 0.52 ppm 38 ppm 163 ppm 
Pentlandite n 5 5 5 5 
 Min Bdl 2.51 ppm 63 ppm 1.88 wt.% 
 Max 0.87 ppm 1426.80 ppm 296 ppm 13.25 wt.% 
 Avg. 0.49 ppm 616.43 ppm 128 ppm 7.80 wt.% 
Chalcopyrite n 4 4 4 4 
 Min Bdl Bdl 48 bdl 
 Max Bdl Bdl 96 11 
 Avg. bdl Bdl  73 3 
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Appendix H 
Chapter 10: Platinum-group minerals 
 
H.1 Semi-quant mineral chemistry of selected PGM 
 
Semi-quantitative EDS data, as determined by A-SEM, using internal standards, of 
the main platinum-group minerals found in the Troctolite Unit of the VSF2 borehole 
are provided in the following table; please see Supplementary Appendix 21 for the full 
dataset. Abbreviations used in table are the same as elsewhere in the text.  
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Table H1: Semi-quant mineral chemistry, determined by EDS-SEM, of the main PGM species found in the TU (VSF2). 
  Recalculated: PGM, EDS-SEM 
Sample Depth Lith Subunit 
PGM PGM S Fe Ge As Se Ru Rh Pd Ag Sn Sb Te Ir Pt Au Hg Pb Bi 
name formula wt.% 
FT1034 86.34 pyx TU4 Stillwaterite Pd8As3   0.96   19.13 0.48     68.48 3.99           1.26 5.70     
FT1034 86.34 pyx TU4 Maslovite PtTeBi   2.45           39.04 1.27     24.73     1.21     31.30 
FT1034 86.34 pyx TU4 Arsenopallandite Pd3As2.5Sb6.5   0.63   17.51 0.39     72.35 2.96 0.89 1.80       1.22 2.26     
FT1034 86.34 pyx TU4 Platarsite (Pt,Rh)AsS 6.60 0.86   38.05 1.02   16.71 1.43 0.35 0.50 0.31     34.17         
FT1034 86.34 pyx TU4 Isometriete Pd11Sb2As2   0.16   8.44 0.24     72.76 2.00   14.47 1.01     0.92   0.00   
JD03 88.2 troc TU3 Moncheite Pt(Te,Bi)2   0.27                   50.78   41.62     2.20 5.14 
JD03 88.2 troc TU3 Electrum Au-Ag   0.49             21.29           78.22       
JD03 88.2 troc TU3 Kotulskite PdTe   0.41           42.77       45.59   0.73     7.72 2.77 
JD03 88.2 troc TU3 Zvyagintsevite Pd3Pb 0.74 18.40 1.88         48.90                 30.09   
JD15 221.5 serp TU3 Mertiete II Pd(As,As)3 0.13 0.79   0.77       66.35     31.64       0.33       
JD15 221.5 serp TU3 Hollingworthite RuAsS 15.53 1.96   43.61     37.24 0.00     0.00   1.66           
JD14 221.6 An TU2 Sperrylite PtAs2 0.16 0.13   42.98             0.00     56.74         
JD14 221.6 An TU2 Sobolevskite Pd(Bi,Te)               36.74     4.28 19.63           39.35 
JD14 221.6 An TU2 Platarsite  PtAsS 15.97 3.22   32.11   19.86               28.84         
JD14 221.6 An TU2 Irarsite IrAsS 8.48 10.18   23.95   1.82 4.12           27.95 23.50         
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Appendix I 
Chapter 11: Synthesis 
 
I1: Summary of Sr- and O isotope studies on the TU  
 
Strontium and oxygen isotope results (dataset from Davey, 2014) were used to (see 
Chapter 11): 1) calculate a relative age for the TU, 2) track possible crustal 
contamination and 3) determine the influence of possible fluid/s in the TU. 
Unpublished Sr- and O isotope analyses of TU samples from the VSF2 by Davey 
(2014) were combined with O- and Sr isotopes studies on the TU in BV1 (see Harris 
et al., 2005; Roelofse et al., 2015; Magangapwe et al., 2016) and re-examined and 
reinterpreted based on new textural relationships and mineral petrogenesis 
developed in this work (see Chapter 5 and 6).  
 
I.1.1 Strontium isotopes  
 
87Sr-86Srtr ranged between 0.7076 and 0.7012 (avg. 0.7087± 8.5x10-6) and 87Sr-86Sr 
initial of 0.70739 (recalculated using parameters of Sr studies on the BV1, see 
Mangwegape et al., 2016, t = 2054.4 Ma, λ = 1.393 x10-11 yr-1). 87Sr-86Srtr avg. 
plagioclase values for the TU measured in VSF2 and BV1 are different, with BV1 
more radiogenic, but falls within error of each other (87Sr-86Sr: 0.7087, this study; 
0.7085, Mangwegape et al., 2016; measured Sr ratio corrected for 87Rb 
interference). The difference in isotopic values between the studies might be 
attributed to different analytical methods used (see Mangwegape et al., 2016), 
number of samples analysed (Mangwegape et al., 2016 only analysed one TU 
samples), where the reference sample is sitting stratigraphically within the TU and 
the degree of alteration between the BV1 and VSF2 boreholes.  
 
87Sr-86Sr initial values for the TU in VSF2 (cal. 0.70739, decay constant = 1.42x10-11 
or 0.7087 recalculated using parameters as specified in Mangwegape et al., 2016) 
and BV1 (~0.7084±0.0001, Mangwegape et al., 2016) falls within error of the LMZ 
(~0.7078 ± 0.0005, t= 2054.4 Ma, λ = 1.393 x10-11 yr-1: Roelofse et al., 2015; 
Mangwegape et al., 2016) and borders UMZ values (0.7075 ± 0.0001, recalculated 
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from Mangwegape et al., 2016). The TU is not akin to the Pyroxenite Marker (PM) 
(~0.70753, Sharp, 1985) or the CZ (<0.707, Kruger, 1994).  
 
 Analysis of Sr isotopes using plagioclase mineral separates picked from a crushed 
rock is not an effective tool to determine fractionation trends and age relationships in 
a complex cumulate systems; results are an artefact of the fractionating nature of 
cumulates. Other studies have also shown that Sr and Rb exchange is sensitive to 
temperature changes (see for example Vance et al., 2003 and the references 
therein); plagioclase is especially prone to isotopic disequilibrium. The elements are 
excellent geochronometers especially in white mica as they have high Rb/Sr ratios 
and can record deformation at low temperatures (see Vance et al., 2003 and the 
reference therein). The influence of fluids (low and high temperature) active syn- 
and post formation in these cumulates and the possible metasomatic 
(metamorphism) effects on the minerals is not always taken into consideration when 
interpreting and analysing these types of rocks. Cumulates are in general assumed 
to be ‘dry orthomagmatic systems’. However, best results are a function of texture 
relationships of the micas. Care has to be taken when choosing, measuring and 
interpreting plagioclase (or mica) Sr-isotope analysis for accurate and precise 
results.   
 
Texture studies (Figure I.1) (see also Chapters 5 and 6 and thin sections provided in 
the supplementary Appendixes) show that the measured plagioclase separates 
consisted of a variety of different types and generations of plagioclase crystals 
including: cumulate and non-cumulate plagioclase, zoned (normal and patchy), 
inclusions (in olivine or pyroxene), fresh and altered and reworked/ melted 
plagioclase (as evident in triple points and mature textures). The net output is thus a 
mixture of all these different plagioclase phases (each textural relationship recording 
a different event- primary, secondary or a reset). The individual analyses cannot be 
linked texturally and interpreted and corrected for. An% numbers of the plagioclase 
separates analysed for Sr-isotopes was unfortunately not analysed. None the less, 
the mineral chemistry of the corresponding thin section of some of the samples were 
analysed. An% measured with EDS-SEM (see section 6.1.1) ranged within 2-4 
molar% and up to 10 molar% per sample. The variation in An% per samples was 
greatest in the TU1. The TU has a range between An68-87. Whole-rock Ca# 
(Ca/Ca+2Na) is fairly consistent for the samples analysed (range = 35-99), but again 
this is a mixture of the texturally different plagioclase phases and other phases rich 
in Ca and Na like pyroxene.  
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Figure I1 A-I: Micrographs of the variety of plagioclase textures and associations in 
samples used in O- and Sr isotope analyses. A) TU1, JD25 (268.46 m), ol-rich and poor 
gabbro: plagioclase with embayed contacts. B) TU1, JD24 (256.80 m), olivine rich and 
poor gabbro: plagioclase inclusions (with zoning) in pyroxene host. C and D) TU2, 
JD22 (246.70 m), gabbronorite: mature texture with 120° triple points and normal and 
prominent patchy zoning. E) TU2, JD13 (228.65 m) olivine-gabbronorite (troctoltie): 
plagioclase remnants in highly altered sample. F) TU3, JD08 (205.46 m), troctolite: 
bend and kink plagioclase. G) TU3, JD05 (136.05 m), troctolite: plagioclase clusters, 
rounded crystals and triple points. H) TU4, JD01 (80.35 m), olivine(gabbro)norite: 
reaction textures of plagioclase and pyroxene, bend and zoned plagioclase. I) TU4, 
JD01 (80.35 m), olivine(gabbro)norite: small polyphase plagioclase inclusions in 
pyroxene host.   
 
Sr isotopes results from this study are comparable relative to each other and can 
possibly be used to pick out processes active in the TU in different places and times 
(Figure I.2). The TU1 and TU4 at the bottom and top of the TU are most similar to 
lower and UMZ values (Figure I.2) as seen in the MO1 and BV1 (Mangwegape et 
al., 2016). The big shift from ~0.708 to 0.712 (~228 m) in TU2 is most probably due 
to the intense alteration and fluid overprint of the sample; the sample lies just above 
the felsic replacement layer. In TU3 values shift back closer to MZ and TU values 
but lies just outside of it. This zone is overwhelmingly troctolite-anorthosite with 
mature textures and interstitial olivine.   
 
The age of the TU could not be determined with confidence from Sr dating alone 
during this study. An age of ±2024.15 Ma (87Sr-86Sr initial = 0.70739, slope= 
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0.02916, λ = 1.42 x10-11 yr-1, Rollinson, 1995) or ± 2063.38 Ma (λ = 1.393 x10-11 yr-1, 
Nebel et al., 2011) is obtained using the Rb-Sr isochron method:   
𝜹𝟖𝟕 𝑺𝒓𝒔𝒑𝒍 = 𝟏𝟎𝟎𝟎 [
(
𝑺𝒓𝟖𝟕
𝑺𝒓𝟖𝟔
)𝒔𝒑𝒍
(
𝑺𝒓𝟖𝟕
𝑺𝒓𝟖𝟔
)𝒔𝒕𝒅
− 𝟏]  
Where spl= sample (mineral separate) analysed, std = standard analysed V-SMOW/BHVO-2 
 
[
𝟖𝟕𝑺𝒓
𝟖𝟔𝑺𝒓
]
𝒎
=  [
𝟖𝟕𝑺𝒓
𝟖𝟔𝑺𝒓
]
𝟎
+  [
𝟖𝟕𝑹𝒃
𝟖𝟔𝑺𝒓
]
𝒎
 (𝒆𝝀𝒕 − 𝟏) 
[
𝟖𝟕𝑺𝒓
𝟖𝟔𝑺𝒓
]
𝟎
=  [
𝟖𝟕𝑺𝒓
𝟖𝟔𝑺𝒓
]
𝒎
−  [
𝟖𝟕𝑹𝒃
𝟖𝟔𝑺𝒓
]
𝒎
 (𝒆𝝀𝒕 − 𝟏) 
𝒕 =  
𝟏
𝝀
 𝐥𝐧(𝒔𝒍𝒐𝒑𝒆 + 𝟏) 
Where (87Sr/86Sr)m and (87Rb/86Sr)m is measured using ICP-MS, and (87Sr/86Sr)0 is the initial 
ratio and t= age of the rock (in Ma years), λ is the Rb-Sr decay constant: 1.42 x 10-11 yr-1 
(Rollinson, 1995) or  1.393 ± 4 x 10-11 yr-1 (Nebel et al., 2011),  
slope = slope (m) of the best fit line (y = mx + c) of the data points plotted, m= Δy/Δx, c= 
initial value (where the best fit line cuts the y axis) 
If back calculating the initial (87Sr/86Sr)0 value assume t= 2054.4 Ma for the Bushveld 
Complex (Scoates and Friedman, 2008), to keep calculation consistent with other Sr-isotope 
studies on the BV1  
 
 
Figure I2: Downhole log of δ18O and 87Sr-86Sr results of the (VSF2, Davey, 2014). 
Legends are the same as for all figures. (Reference values on graphs: δ18O: MZ= 6.8-
7.2 ‰ Harris et al. (2005); Sr: CZ= 0.707 (Kruger, 1994), lower Main Zone= 
0.7078±0.0005; upper Main Zone 0.7075±0.0001, Mangwegape et al. (2016); TU (BV1) = 
0.7084±0.0001 Mangwegape et al. (2016), PM =0.70753, Sharp (1985).  
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The calculated age of the TU does not fall within the age of the central Bushveld 
cumulates (i.e. CZ, MZ and UZ) (2054.89 ± 0.37 Ma, Zeh et al., 2015). This might be 
due to the methods used, alteration intensity of the samples analysed (see LOI as 
proxy, Figure I.2), or the uncertainty of the application of 87Sr-86Sr dating in a 
fractionating and highly complex system (different generations and textural 
relationships of plagioclase, zoning of plagioclase and alteration by fluids at various 
stages in the TU that was not accounted for).   
 
I.1.2: Oxygen isotopes 
 
Oxygen isotope (δ18O) ratios can be used to track magmatic processes; from mantle 
to crustal interaction / contamination. The RLS (excluding the UZ) of the Bushveld 
Complex has a strikingly elevated but homogeneous δ18O isotope signature (avg. 
~7.0 ‰, Schiffries and Rye, 1989; Harris et al., 2005) both laterally and vertically. 
The elevated δ18O ratios are proposed to have been inherited by the RLS magma 
prior to emplacement and are not a product of sub-solidus isotope fractionation 
caused by alteration. The homogeneity O isotope signatures for the RLS magma(s) 
and their difference from primary mantle is believed to be either due to: 1) an 
enriched δ18O mantle source for the Bushveld magmas or 2) crustal contamination 
during ascent. The first option can be discarded based on mantle δ18O ratios. The 
mantle below the Kaapvaal Craton does not have anomalous δ18O (Schiffries and 
Rye, 1989; Mattey et al., 1994). A contamination source is more feasible. However, 
Harris et al. (2005) showed that the source of contamination was mid- to lower 
crustal; possibly from the Limpopo Belt and Vredefort impact site. The TSG 
dolomites and sediments were not the source of contamination as the sediments are 
too young, were lying too shallow at time of RLS formation and cannot yield the 
measured Sr and Nd isotope signatures.  
 
Oxygen isotopes were measured using plagioclase separates of the VSF2 borehole. 
The study was limited to 8 samples with plagioclase in all samples being fairly to 
highly altered (see Table I.1). The results of the Davey (2014) study are summarised 
below as reference for revaluation of data based on texture- and mineral chemistry 
determined during this study. 
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I.1.2.1 Summary and Results O-isotope study Davey (2014)  
 
Oxygen isotope work done by Davey (2014) on plagioclase (n=7) and olivine (n=1) 
from the VSF2 borehole, was incorporated as part of this study. The Davey (2014) 
study sampled at random and altered to severely altered, serpentinised and fluid 
overprinted lithologies. Davey (2014) identified HW and FW MZ units in the VSF2 
borehole. However, re-evaluating VSF2 cores and the presence of olivine above 
and below the ‘TM’ (as defined by Davey, 2014) was changed to include the entire 
VSF2 as TU. TM refers to the most olivine-rich part of the TU. Davey (2014) 
calculated δ18O values using the following equation:  
 
𝜹𝟏𝟖 𝑶𝒔𝒑𝒍 =  [
(
𝑶𝟏𝟖
𝑶𝟏𝟔
) 𝒔𝒑𝒍
(
𝑶𝟏𝟖
𝑶𝟏𝟔
) 𝒔𝒕𝒅
− 𝟏] × 𝟏𝟎𝟎𝟎 
Where spl= sample (mineral separate) analysed, std = standard analysed V-SMOW/BHVO-2 
 
Results from the Davey (2014) study (see Table I.1 and 2) concluded that the TU in 
VSF2 had: 1) δ18O plagioclase values (avg. range +5.6−7.1 ‰); 2) δ18O values were 
low in comparison to average primitive mantle (+5.7 ‰, Harris et al., 2005) and 
average RLS (~7.0 ‰, Schiffries and Rye, 1989; Harris et al., 2005); 3) isotopic 
differences between the HW, TM and FW lithologies; MZ (avg. +7.2 ‰.) had higher 
delta values than TM (avg. +6.1 ‰); 4) the presence of Cl-bearing phases and 
calcite veins with possible remobilisation of incompatible elements and PGE by 
secondary fluids was noted; and 5) the TM (the most olivine-rich bit of the VSF2 
core: 246 m-81.5 m) underwent the most extensive alteration by hydrothermal fluids.   
 
Davey (2014) attributed the low oxygen isotope signatures of the TU compared to 
the lateral and vertical δ18O homogenous (avg. +7.1 ‰, Schiffries and Rye, 1989 as 
cited in Davey, 2014) RLS to process/ processes not seen elsewhere in the 
Bushveld Complex or previously considered. Davey (2014) ruled out contamination 
by Malmani Dolomite (δ18O = +21-23 ‰, Harris and Chaumba, 2001) based on the 
unlikelihood of late stage assimilation of dolomite and also that the dolomites would 
increase / push δ18O values to above average MZ. An additional mechanism is thus 
needed to lower the elevated oxygen signature. Davey (2014) proposed that the TU 
could not have formed by a B3 (MZ-type) magma on its own and had to have been 
somehow contaminated by an Mg-rich source of typical northern limb footwall 
parapyroxenites (δ18O value of +15 ‰, Harris and Chaumba, 2001). Contamination 
of at least 10% is needed to change oxygen ratio of the TM from RLS (+7.1 ‰) to 
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measured values. The TM was/ could also have been flushed by later lighter 
meteoric and hydrothermal fluids lowering δ18O values. Fluid working was evident 
from abundant secondary and low temperature mineral alteration assemblages. 
However, the composition, volume, water/rock ratio, timing and oxygen signature of 
these fluids could not be determined during the Davey (2014) study. Nevertheless 
Davey (2014) also noted a key change in isotope values based on alteration 
intensity; more altered samples had lower oxygen ratios.  
 
Table I.1: δ18O and 87Sr-86Sr (initial values corrected for Rb interference) results of TU 
samples from the VSF2 borehole (Davey, 2014). LOI is a proxy for the alteration 
intensity of the sample.  
Sample 
Depth  
VFS2 
(m) 
TU Lith 
Textural 
features 
Plagioclase 
textures 
LOI 
δ18O 
plag 
(‰) 
87Sr-86Sr 
tr 
JD01 80.35 TU4 olGN 
Interstitial 
olivine + 
glomocrysts 
Rounded 
habits 
Inclusions in 
olivine and 
pyroxene 
1.11 7.1 0.70777 
JD05 136.05 TU3 troc 
Interstitial 
olivine 
Clay alteration 
Rounded 
habits 
3.97 6.4 0.708534 
JD06 159.8 TU3 troc 
Interstitial 
olivine, 
symplectite, 
px mottles 
Zoning, 
inclusions in 
pyroxene 
Rounded 
habits 
1.15 6.5 0.708620 
JD08 205.46 TU3 An altered 
Triple points 
and mature 
textures 
3.12 6.6 0.709079 
JD13 228.65 TU2 troc 
Layered / 
stringers 
olivine 
Clay alteration 
Rounded 
habits 
7.95 5.6 0.712028 
JD22 246.7 TU2 N replacement 
Zoning, triple 
points, 
inclusions in 
pyroxene 
Rounded 
habits 
2.90 7.1 0.708071 
JD24 256.8 TU1 olG 
Interstitial 
olivine + px 
‘oikocrysts’ 
Zoning, triple 
points, 
inclusions in 
olivine and pyx 
rounded habits 
2.00 - 0.707957 
JD25 268.46 TU1 olG 
Interstitial 
olivine 
Zoning 
Rounded 
habits 
1.13 7.4 0.707636 
 
I.1.3 Re-interpretation of O and Sr isotope studies on the TU 
 
Results from this study, together with results from Harris et al., (2005) and 
Mangwegape et al. (2016), show that the TU has (see Figure I.1 and I.2):  
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1)  Light δ18O signature for plagioclase (+5.6−7.4 ‰) and olivine (6.4 ‰) with 
primitive (high) An% (avg. An%= 75, this study) (see Davey, 2014).  
2) The difference in δ18O values between FW-TM-HW (Davey, 2014) can be 
discarded as the VSF2 only consists of TU. The change in δ18O is rather 
attributed to alteration intensity; more altered samples have lighter δ18O e.g. 
JD13 (δ18O= 5.6 ‰) is highly altered as appose to JD01 (δ18O= 7.1 ‰) that 
is relatively unaltered.   
3) δ18O plagioclase of the VSF2 (5.6-7.4‰, avg. = 6.67 ‰) and BV1 (6.8-7.2‰, 
Harris et al., 2005) fall within the same range.  
4)  Pyroxene (δ18O= 7.0 and 7.5 ‰) is more radiogenic than plagioclase (δ18O= 
6.8 and 7.2) in TU of the VSF2 (Harris et al., 2005) yielding negative values. 
This might indicate that pyroxene proceeds plagioclase formation.  
 
The original isotope signature/s could have been altered or ‘shifted’ by:  
1) Country rock uptake/ contamination (degassing and fluids). The light isotope 
ratios might be indicative of possible footwall contamination and later meteoric 
fluids, ‘diluting’ the isotope ratios. There is ample evidence of footwall 
contamination in the TU and surrounding MZ as seen in the presence of calc-
silicate (dolomitic) xenoliths. A variety of xenoliths (calc-silicate, cherty and 
felsic) were mapped in the field area (see Chapter 5) and the VSF2 core host 
examples of calc-silicate xenoliths ~100 m apart. This is supported by original 
logging by Van der Merwe, 1978). However, country rock contamination cannot 
drastically change or lower δ18O values to yield the values measured in the TU.   
2) The relationship of the TU to the northern transgression. Field work showed no 
definite crosscutting field relationship between the TU and MZ. However, from 
fieldwork it was evident that the TU must have formed before the northern 
transgression (UZ abuts the MZ and TU). How this might have influenced 
isotope values in the immediate MZ and TU is not certain. However, the 
influence will be notable across the MZ and TU and therefore negligible.  
3) Later fluids (hydrothermal and/ or meteoric). The TU and the MZ is overprinted 
by later granitic intrusions (and associated hydrothermal fluids) syn- and post 
formation, see Chapter 5 for results on fieldwork. Evidence of fluids overprinting 
the TU syn-and post formation is supported by plagioclase zonation (not 
restricted to pegmatitic and replacement horizons) and later hydrothermal 
phases like amphibole, biotite and apatite.  
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The top ~40 m of the VSF2 core is highly altered with distinct calc-horizons, 
fractures and low-temperature alteration minerals of olivine and pyroxene, 
indicating a shifting water table. This might be evidence of meteoric fluids 
flushing through the TU. However, these isotopic light fluids is restricted to the 
top 40-50 m of the VSF2 and would not affect the deeper TU lithologies in BV1. 
In addition the TU in VSF2 was overprinted by secondary calcite and Cl-rich 
veins whilst the BV1 did not show the same type of veins and structures 
irrelevant of the abundant igneous intrusions. The influence of later fluids seems 
negligible if compared between the VSF2 and BV1.  
4) Harris et al. (2005) suggests that δ18O isotope values/ ratios can be effected by 
fluids active post crystallisation; low temperature fluids cause progressively 
heavier δ18O values. Oxygen disequilibrium can also be shifted due to alteration. 
If this is possible the O isotope signatures in VSF2 and BV1 could be an 
expression of a fluid (possibly high temperature because of the light δ18O 
signatures) that was active during the MZ formation. And/or a function of the 
alteration intensity of the samples analysed and not a primary feature.  
5) The methods and analytical methods used. The bulk-rock/ mineral separation 
method employed in the studies discussed does not distinguish between 
different generations, degree in alteration, types, zoned and un-zoned, fluid and 
melt inclusions and texture association (inclusion, interstitial or cumulate phase) 
of plagioclase (and olivine). The method thus measures an amalgamation of 
different plagioclase crystals, compositions and ages. This might also be 
applicable to in-situ core-rim analysis of plagioclase; plagioclase was measured 
irrelevant of texture association.  
 
The age of the TU could not be determined with confidence from limited O and Sr 
isotope studies; samples have very light O signature and Sr isotope ages had 
variable and high errors. There is reason to believe that the original isotope 
signature is overprinted by fluids (syn- and post TU formation). What exactly the 
individual isotope results are recording is not certain. Results seem to indicate that 
the O- and Sr isotope signatures measured in the TU of the VSF2 and BV1 
boreholes are recording the timing of the process/es or mechanism that formed the 
TU, and some later fluid overprint. Field relationships, texture and mineralogy 
studies together with isotope results all indicate that the TU formed syn-MZ. 
However, Sr-isotope values (range = 0.7076-0.7120) lie within error or the Sr MZ 
(northern limb) values of 0.0708±error (see Harris et al., 2005) and it is therefore 
suggested that the TU or the processes that overprint it formed syn MZ formation.  
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I2: Datasheets: Sr isotopes (TU) 
 
Table I.2: Unpublished Sr-isotopes results from Davey (2014). 
Sample JD1 JD5 JD6 JD8 JD13 JD22 JD24 JD25 
N 15 16 14 17 18 19 20 21 
VSF2_M 80.35 136.05 159.8 205.46 228.65 246.7 256.8 268.46 
BV1_C 2802.05 2857.75 2881.5 2927.16 2950.35 2968.4 2978.5 2990.16 
UZ-MZb -1226.25 -1281.95 -1305.7 -1351.36 -1374.55 -1392.6 -1402.7 -1414.36 
BV1_GC 2800.01 2858.95 2898.06 2953.06 2976.25 2994.3 3004.4 3016.06 
Subunit TU4 TU3 TU3 TU3 TU2 TU2 TU1 TU1 
Lith olGN troc troc olG troc olGN olG olG 
  #1 - assuming Sr concentrations are correct 
Rb ppm 1.69279 5.949944 6.661976 10.86805 10.69518 1.327753 1.116616 0.648992 
± 2SE 0.064055 0.00051 0.000392 0.001527 0.000197 0.000195 0.000129 0.000154 
Sr ppm  
(measured) 
328.0079 354.0213 369.6446 440.3112 210.6137 351.2496 308.6973 307.4303 
± 2SE 0.006362 0.007427 0.006051 0.026549 0.005398 0.008621 0.008432 0.01179 
87Rb/86Sr 0.014932 0.04863 0.052149 0.071423 0.146985 0.010937 0.010466 0.006108 
87Sr/86Sr_tr 0.70777 0.708534 0.70862 0.709079 0.712028 0.708071 0.707957 0.707636 
± 2SE 0.000004 0.000004 0.000005 0.000017 0.000007 0.000006 0.000005 0.00002 
87Sr/86Sr  
(2050) 
0.70708 0.707329 0.707098 0.706969 0.707686 0.707748 0.707648 0.707456 
BV1 
methods  
(2054.4 Ma) 
0.70777 0.708533 0.708619 0.709077 0.712024 0.708071 0.707957 0.707636 
2055 Ma 0.707078 0.707326 0.707094 0.706964 0.707676 0.707747 0.707647 0.707455 
  #2 - normalising Sr concentrations based on standard data 
Rb ppm 1.69279 5.949944 6.661976 10.86805 10.69518 1.327753 1.116616 0.648992 
± 2SE 0.064055 0.00051 0.000392 0.001527 0.000197 0.000195 0.000129 0.000154 
Sr ppm  
(corrected) 
376.3784 406.228 424.1552 505.2428 241.6725 403.0476 354.2202 352.7664 
± 2SE 0.006362 0.007427 0.006051 0.026549 0.005398 0.008621 0.008432 0.01179 
87Rb/86Sr 0.013013 0.04238 0.045447 0.062244 0.128095 0.009532 0.009121 0.005323 
87Sr/86Sr_tr 0.70777 0.708534 0.70862 0.709079 0.712028 0.708071 0.707957 0.707636 
± 2SE 0.000004 0.000004 0.000005 0.000017 0.000007 0.000006 0.000005 0.00002 
87Sr/86Sr  
(2050 Ma) 
0.707386 0.707282 0.707278 0.70724 0.708244 0.707789 0.707688 0.707479 
BV1 
methods  
(2054.4 Ma) 
0.70777 0.708533 0.708619 0.709077 0.712024 0.708071 0.707957 0.707636 
2055 Ma 0.707385 0.707279 0.707274 0.707236 0.708235 0.707789 0.707687 0.707478 
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